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PREFACE 


The art of steelmakiiig has changed to a science in the last three 
decades. This has primarily been possible due to the systanatic 
aj^cation of the data, obtained from equilibrium experiments 
concerning steelmaldng reactions. There is scarcely any doubt 
that theory still lags behind the practice as far as steelmaldng is 
concerned. But, since every metallurgical operation consists of a 
series of simultaneous or progressive physical or chemical reactions, 
the study of physic(H:hemical princi|des of steelmaking has gone 
a long way to help the practical steelmaker whose primary object 
is to alter the works practice according to the effectiveness of the 
reactions. This has led not only to higher efficiency, econmny 
and quality but also to developing newer, better and cheaper 
methods of producticm. 

Several earlier workers have tried to exjdain various steelmaking 
phenomenon with the help of laboratory data. Amongst them, 
R. Durrer and H. Schenok have been pioneers in systematically 
recording and co-ordinating the theory vis-a>vis practice in their 
famous books. With the same end in view and with almost the 
same method of representation I have written this book, presenting 
mote recent data of various research investigations and relating 
them to practice as far as possible. 

Steelmaking mostly consists of interactions between various 
components and phases. The equilibrium systems given in 
Chapter III will help in the understanding of ffie basic physico- 
chemical princii^es involved in the reactions of carbon, silicon, 
manganese, chromium, phosphorus, sulphur and others described 
in the subsequent chapters. Those who wish to review the steel- 
making practice will find a brief discussion in Chapter II which 
will help understanding the chapters that follow. 

As most of the recent steelmaking data are unfortunately 
dispersed in the transactions and proceedings of numerous learned 
societies, it is difficult for the steel-makers, teachers and students 
alike to locate the required information as quickly as one would 
like. It is hoped this book will enable to overcome these, dfficul- 
ties and prove a useful reference book for teachers and steelmakers 

vii 



viii 


PREFACE 


aad at the same time a convenient text-book for the student of 
ferrous production metallurgy. 

I wish to record my indebtedness to various publishers and 
learned societies who have kindly given permission to reproduce 
the illustrations as well as to various authorities quoted in the 
references. 

I am specially indebted to Professor Hermann Schenck for his 
kind permission to draw materials freely from his extensive work 
and this book is dedicated to him for his great contributions to 
the science of steelmaking. 

I record here my deepest gratitude to my wife Nilima for her 
untiring su|^>ort and to Messrs. R. K. Chowla, P. K. Sen Gupta, 
Ajoy Biswas and P. Ekka for their help and encouragement. 

Finally, I thank the publishers for their help and wholehearted 
cooperation. 


Bumpur, West Bengal. 
November, 1963 


A. K. Biswas 
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Chapter 1 


INTRODUCTORY PHYSICAL CHEMISTRY 

Iron exists in nature mainly as its oxides and is obtained by thdr 
reduction. During reduction, impurities like carbon, silicon, 
manganese, phosphorus, sulphur and others enter the so-called 
pig-iron. Steel is produced from the by the removal of these 
impurities maiidy as their oxides in the form of slag. Since iron, 
steel, slag are all obtained in liquid state, their metallurgy is essen- 
tially a high temperature chemistry. A theoretical treatment of 
steelmaking principles is rendered difficult by the presence of solid, 
liquid and gas {ffiases (refractory lining, molten slag and metal, 
air, oxygen, combustion gases) on the one hand and nmnerous 
components in the systems on the other. Further complication 
arises because of the doubt whether the interactions amongst the 
various components and phases reach equilibrium at all. Even 
with all these difficulties, it is possible to obtain a rough estimate 
of the extent of reactions from the study of the physico-chemical 
principles and the thermodynamical and kinetic data. 

The physico-chemical principles of metallurgical processes have 
been discussed elsewhere by the author.^ The essentials are 
given in this chapter so as to enable a better understanding of the 
treatment in the text that follows. 


Gas law 

By the combination of the well-known Boyle’s and Charle’s laws, 
any gaseous system can be completely defined by certain physical 
conditions — ^temperature, pressure and volume — and the relation- 
ship of these values can be expressed in the condensed equation : 


PV 

where P 
V 
n 
T 
R 


= nRT 1.1 

= pressure 
•= volume 

number of gas moles. 

« absolute temperature. 

ITS a constant commonly termed as gas constant 
—= 0- 08203 litre atmosphere/deg/mole 
2 cal/deg/mole 

= 8*314 j/deg/mole . 
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The heat absorbed by a substance divided by the increase in 
temperature is known as the heat capadty of the substance. At 
constant pressure, 

Cp = dH/dT 1.7 

When 1 mole of the substance is involved it is called motor heat 
capacity; for 1 gm, it is specific heat. 

These are not constant quantities. Generally, they decrease with 
increase of temperature. They are usually given in thermal data 
in the form, 

Cp = .<+pr+yr-» 1.8 

being constants evaluated from experiments). 

The change in enthalpy between two temperatures can be 
obtained by combining Eqs. 1.7 and 1.8 and integrating ; 


ah = Ha—Hi 



1.9 


For the sake of convenience and uniformity Hi for all substances 
are given at 298 °K which enables tlie determination of the re- 
lative value of H 2 at any other temperature. 


Effect (ff tenqmatiBre upon heat of reaction 

The effect of temperature in a chemical reaction involves both 
enthalpies and heat capacities. Their changes are depicted as : 

2?C^ (products) — 2;c^(reactants)= AC^ 

EH (products) - EH (reactants) = AH 

The value of AQ 7 is obtained by subtracting the sum of the heat 
capacities of reactants from that of the products. AH is cal- 
culated similarly, the enthalpies of elements at 298 °K being taken 
as zero. For the change of enthalpy 
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If between the temperature ranges 298 to 7 a substance under- 
goes idiase transformations, viz. fusion or evaporatimi, then 



C'^b.p. 

rT 

Cp{s).dT±Hj+ 1 

Cp(t).dT±H,^ 

Cp{g).dT 1.11 

) 298 J 


Tb.p. 


Eqinl0Mi]im constant Adivify 

The equilibrium in any reacting system is reached when the 
forward reaction of the reactants and the reverse reaction of the 
products assume the same velocity. 

Since according to the law of mass action (LMA), the rate of 
any chemical reaction is proportional to the active mass or mole- 
cular concentration of the reactants, it can be deduced that for 
the general reaction 


nA+mB qC+rD 1.12 

[CIV. [Dr 

at equilibrium, K, = jXyriBpj- 1-13 

where the alphabets inside the brackets denote the molar concen- 
trations and Kc , the equilibrium constant in terms of concentra- 
tion. This constant is a function of temperature. 

The LMA in terms of actual concentrations is, however, obeyed 
only in ideal cases where there easts no mutual attractions or 
repulsions amongst the atoms and the molecules in the reacting 
system. In a non-ideal system, the apparent concentrations or 
‘activity’ terms are used. In case of a gas, its partial pressure is 
substituted. As for example, for the reaction 

iSi-j-Oa — Si0% 

K = oSiOs/ioSi . PO 2 ) 1.14 

The actual concentration of any substance in solution is depic- 
ted as mol fraction which is defined as the ratio of the number of 
its moles to the total number of moles of all the substances 
present in the solution and is denoted by N. The number 
of moles can be simply calculated by dividing the weight per- 
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centage of each constituent with the respective atomic or mole* 
cular weight. In an ideal solution this mol fraction is equal to 
‘activity’ and a plot of a and N gives a straight line known as 
Raoidts line (Fig. 1.1). In a non-ideal solution of, say, A and 
B, the activity of B is no longer equal to its mol fraction and we 
write 

Ob ^ fa • ^B 

where fg is a factor called activity coefficient. It is a factor by 
which lie extent of departure from Raoults law is measured. 
Evidently, the activity of a pure substance is unity, in which 
case fg 1. 



Ffe 1.1 — Schematic diagram of Raoult’s and Henry’s lines showing 
the positive and negative deviations from the former. 

Generally, most of the solutions show deviations from the 
Raoults law, which may be positive or negative as shown in 
Fig. 1.1. A positive deviation occurs when the attraction between 
A and B is less than that between A and A or between B and B, 
whereby 

ag > Ng OT ag/Ng>l or fg>l 1.16 

When the attraction between A and B is greater than that between 
A and A or B and B, there occurs a negative deviation, 

whereby Og/N g<. 1 or ig<\ 1*17 
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When the attraction between A and B is the same as between 
A and A ot B and B, the solution is ideal, i.e. 

%= and /5= 1 

In phase diagrams, the positive deviation is shown where the 
coolie^ curve is rather fiat indicating a tendency for separation 
(cf. Figs. 3.23 and 3.39) or where a ‘miscibiiity gap’ is present 
(cf. Fig. 3.25). A negative deviation is indicated by compoimd 
formation, heat evolution, etc. 

Heniy’s Law 

From Fig. 1.1., in a non-ideal solution of great dilution, i.e. 
where is very small, the curve follows more or less a straight 
line as can be seen from the dotted lines. In this range of dilu- 
tion where B acts as a solute rather than a solvent, the activity 
is proportional to the mol fraction though they are not equal. 
It illustrates the so-called Henry’s line which deals with the solutes. 

It is possible to define a standard state for the Henry’s law, 
i.e. the activity of a solute is unity in an infinitely dilute solu- 
tion (1% solution). In such a case, the activity terms in the 
equilibrium constant equation can be replaced by wt.%. This 
has importance in steelmaking because the amounts of impuri- 
ties present there are small. As for example, in the reaction 

[Si]-f2[0] = (SiOa) ♦ 1.18 

= «Si02/(a[Si] '«*[0]) 

or if =aSi 02 /(%[Si] . %[OF) 

In cases where even Henry’s law is not obeyed, the factor of 
deviation is fn , known as Henry’s coefficient : 

a = . wt.% 1.19 

In a multi-component alloy, the alloying elements affect the 
activity coefficients of one another. It is possible to find the 

♦Substances inside the brackets f ] and ( ) denote their presence in 
solution in steel and slag respectively; solid lines under them also denote 
their presence in steel, e.g., [X] or X for steel and (X) for slag. 



8 


PRINCIPLES OF STEELMAKINO 


activity coefficient of any component with the help of Wagner’s 
equation.^ As for example, the activity coefficient of sulphur in 
pig-iron is given by 

log /g — log -f log /g + log /g 4- log ^ + log /g etc. 

where ^ = overall activity coeflGicient of sulphur in pig-iron 

overall activity coefficient of sulphur in binary Fe-S 
alloy 

etc. = activity coefficient representing the eifect 

of the respective elements on the activity of sulphur. 
The log / values for sulphur, nitrogen, oxygen and others are 
becoming increasingly available from where the overall activity in 
any alloy system can be easily evaluated.®*^ 

Further, if the effect of one element on the activity of another 
is known, the effect of the second on the first can be readily cal- 
culated. For example : 

Let two solutes A and B with at.wt. and be dissolved 
in liquid iron, the dilution being great. Let it further be sup- 
posed that the activity coefficient factor of A is given by 
which depicts the effect of B on the activity of A, where 

log = X. % [B] 

X being any numerical determined experimentally. 

Then, the effect of A on B is given by, 

log /g —.x. (wg %[A] 

Parfifioii or Distribution law 

According to Nemst’s Distribution law, if a solute, soluble in, 
two immiscible solvents, is in equilibrium between the two phases, 
the ratio of the concentrations of the solute in both the phases 
at a given temperature is a constant provided the dilution is 
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infinite and the molecular state of the solute in the two phases 
is the same. It is evident that the activity of the solute in one 
phase must also bear a fixed ratio to that in the other. This 
ratio is unity, since the chemical potential of the solute is iden- 
tical in both the phases. 

In steelmaking, oxygen is a component of greatest importance 
which is soluble in two immiscible p^ses, liquid metal and slag. 
Since it is not possible to measure the oxygen content of slag, 
efforts were made to find the distribution or partition constant 
taking (FeO)-slag and O in pure liquid iron. Although concen- 
trations of both should be in terms of mol fraction, Korber and 
Oelsen^ found a reasonable constant with percentages, the slag 
being a liquid iron-manganese-silicate : 

%(FeO)/% [O] = 450 

Strictly speaking, the (FeO) contents of all the slags should not 
bear a fixed ratio as above; for, its amount does not decide the 
oxidising power of slags. Slags with very different (FeO) con- 
tents may have the same oxidising power (cf. p. 162, Fig. 4.4a). 

Sieveif s bw” 

Hydrogen and nitrogen are diatomic in gaseous state but are 
monatomic in solution in iron. Thus, 

H2 (g) = 2 [H] 

Na (g) = 2 [N] 

According to Sievert’s law, the concentration of these gases in 
solution in iron is proportional to the square root of their partial 
pressures and is given by the expression of the type. 

% [H] = K 1.20 

where % [H] = concentration of hydrogen in iron 

pH^ — partial pressure of hydrogen gas in contact with 
the metal 

K — 2 l constant 

K also represents the solubility maximum when the pure gas at 
1 atm. is in contact with the metal. The solubility, however, 
varies with temperature. 
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Entropy 

It is a measure of disorder in a system and is expressed 
mathematically as 

dS = dq/T =zCp /T .dT 1.21 

According to Nernst, the entropy of perfectly ordered crystals 
at 0®K is zero. The standard values of entropies of substances 
are generally given at 298 K. Therefore, in case of a chemical 
reaction, the change of entropy can be evaluated by integrating 
Eq. 1.21 (cf, Eq, 1.10). 

ASj- — AkS'298= (* (A Cpjx) 1.22 

* 298 

Thermodynamically, a phase transformation is isothermal and 
reversible. Therefore, the entropy of phase transformation is 
given by the heat of transformation at the phase change tempera- 
ture. As for example, 

Sy = HflTji 1.23 

The final equation will be similar to Eq. 1.11. 

Free Energy 

According to the Second Law of Thermodynamics, althou^ 
heat can flow spontaneously from a higher to a lower tempe- 
rature, the reverse does not happen unless work is supplied from 
outside. Thus the law puts a limit to the extent to which heat 
can be converted into work. This apparent loss of work is 
not due to only the loss of heat in the form of friction, mecha- 
cal resistance, etc. The change in the internal energy of the 
system during the transformation is not wholly available for 
work and a portion of this energy is absorbed in such a way as 
to be incapable of performing any external work. The portion 
of energy available for work may be referred to as free energy. 
It is obvious that if no waste due to friction or loss to surround- 
ings, occurs, this free energy should be capable of performing 
maximum work possible. 
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Hie non-available or bound form of energy, to which the 
internal energy is degraded to a certain extent, is measured by the 
increase in entropy or disorder of the system which embodies the 
thermodynamical irreversibility of the process. This disorder term 
is the unavailable or bound energy and this is naturally a product 
of a potential and a quantitative factor represented by temperature 
T and entropy S respectively. The heat equivalent of the disorder 
term is TS. The maximum obtainable work from any heat term 
H is thus H-TS. Free energy G which is a measure of max im um 
available work at constant pressure is given by, 

G = H — TS 1.24 

For any change in the free energy of a system 

AG= ah — AS.T 1.25 

When a system is in equilibrium, the driving forces of the for- 
ward and reverse reactions are equal. Therefore, the work done 
in any system at equilibrium is zero. Thus at equilibrium, 

AG = 0. 

It can be deduced thermodynamically that the free energy 
change in case of expansion of any ideal gas from a pressure pi 
to p is given by, 

AG — RT In p — RT In pi 1.26 

If Pi = 1 atm, then In pi = 0 and therefore AG = RT In p. 
Such a condition is known as thermodynamic starulard state and 
is denoted by (°) in the exponent. Denoting AG=G — G°, 
G=:G° +RT lap 

In case of a general chemical reaction of the type, 
mA + n B = xC + yD, 

AG = AG° + In (a* . )/ (a” . a") 

where AG° ■= total standard free energy change = 

/^o I /^o r^o 

At equilibrium, AG = 0 and the equilibrium constant .K = the 
ratio of the activities. Therefore, 

AG°= — RT Ink = 4-575 T log JC = — 4 • 575 T log a 1.27 
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In general, AG = —RT In X + i?r In (a* . ) / (a“ a“) 

where K = equilibrium constant 

and a Oq, ... etc. = respective initial activities. 

AG® value of any chemical reaction indicates whether it is 
capable of taking place at all. If AG° value is negative, the reac- 
tion can possibly occur under proper conditions. A positive value 
denotes the thermodynamic impossibility of the forward reaction 
and rather a reverse reaction is apt to take place. 

Eff^ of temperature on Eqaifibiimn Constant 

Combining Eqs. 1.25 and 1.27 we get, 

, „ — Ai?° A5° 

log ^ — 4.575 y + 4 . 5 ^ 1.28 

At steelmaking temperatures and A>S° do not change signi- 
ficantly, so that we can write the above equation as, 

log K = — AH/4-575 T -f- constant 

The ‘constant’ term can be evaluated from known value of K at 
any temperature or from known entropy change. 

If Ki is known for Ti, then at can be found thus : 

—AH /Ti— Ta \ 
log ifa-iog ic... ^5,5 {jrrT-) 


Free energy in iron aOoy^** 

Alloys are very dilute solutions of elements in steel and hence 
it is convenient to refer the free energies to a new standard rather 
than to mol fractions. The usual standard chosen is unit acti- 
vity at 1 % solution and activity at any other concentration in the 
region of the validity of Henry’s law is equivalent to weight per 
cent. The difference of free energy between this standard state 
and that referred to mol fraction, when an element A of atomic 
weight w is transferred isothermally from pure liquid state to a 
state of x% solution is liquid iron, is given by : 

AG°=4-575 T log (0-5585/w) 


1.29 
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The at wt. of molybdenum is 95-95. Therefore, from Eq. 1.29, 
the free eneigy dilation of pure liquid Mo in liquid iron is 
given by : 


Mo(/)=:%[Mo}: AG‘‘= —10-22 T 

In order to calculate the values from s(did-to-liquid states, the 
free energy of fusion should be taken into account As for ex- 
ample, in case of Mo 

the heat of fusion=6,600 cal and m.p.=2,873°K. 

Therefore from Eq. 1.23 the entropy of fusion=6, 600/2, 873= 
2-29. The desired free energy is obtained as follows: 


TABLE— 1.2 


Reaction 



A G’ 


>'187.^ '* 

Am 


TAl] 

—11,700 — 

7*70 7'® 

0*043 

C(gr) 

= 

[C] 

6,400 — 

9* 7 7 


Cr(s) 

r.' 

rcr] 

4,600 — 

11*177 

1 

Co(l) 

rr: 

rcoi 

— 

9*25 7 

1 

Cu(0 

=: 

[Cu] 

9,300 — 

9.40710 

12 

Mn([) 

rr= 

[Mn] 

— 

9*12 7 

1 

Mo(j) 

= 

[Mol 

6,600 — 

12*51 7 

1 

mn 

= 

[Nil 

— 

9*24 7 

1 

sun 

= 

[Si] 

—28,500 — 

2.23 r” 

(0*0077) '* 

rm 

=: 

[Ti] 

_7,000 — 

11* 07'® 

0*05 

V(5) 

= 

m 

-_3,900 — 

11*07 7'® 

0*12 

Ws) 

= 

[W] 

8,400 — 

13*79 7 

1 

Zr(s) 

= 

[Zrl 

_7,000 — 

12*20 7'® 

0*05 

iHa(g) 

= 

fH] 

7,640 + 

7*68 7'® 


iNgfe) 

== 

[N] 

2,200 4- 

5*26 7 


iOM 

= 

[O] 

—27,960 — 

0*63 7 


iS,(g) 

= 

[S] 

—31,310 4- 

5*127 


iPu(g) 

= 

[P] 

—29,250 — 

4*55 7’® 


2 CO 

= 

CO,+ [C] 

—34,500 4 - 

31*07 7 '» 


COg 


CO+[0] 

39,540 — 

21*38 7 


CO 

= 

[C]+[0] 

5,040 4- 

9*69 7 


H»0 

= 

H.+[0] 

32,200 — 

14*63 7'® 

[O] is rather a» 

H*0 

= 

2[H]+[0] 

47,480 4 - 

0.73 7 


SO. 

= 

[81+210] 

-_1,340 

13*03 7 



Mo(j)=Mo(0 : AG°=6,60a— 2-29 T 

Mo(/)=%[Mo](/) : AG°= —10-22 T 

adding, Mo(j)=%[Mo] : AG‘’=6, 600— 12-51 T 
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In general, AG = —RT In J: + iir In (a* . ) / (a“ a“) 

where K = equilibrium constant 

and Oa’ ‘ ~ respective initial activities. 

AG° value of any chemical reaction indicates whether it is 
capable of taking place at all. If AG° value is negative, the reac- 
tion can possibly occur under proper conditions. A positive value 
denotes the thermodynamic impossibility of the forward reaction 
and rather a reverse reaction is apt to take place. 

E^ct of tonperature on EqniBbiinm Ccmstant 
Combining Eqs. 1.25 and 1.27 we get, 

— AH° AS° 

log R — 4.57^7' + ^575 1-28 

At steelmaking temperatures AH° and A5° do not change signi- 
ficantly, so that we can write the above equation as, 

log K = — A^f/4-575 T + constant 

The ‘constant’ term can be evaluated from known value of K at 
any temperature or from known entropy change. 

If Kx is known for Ti, then at T 2 can be found thus : 

— AH/ri— Ta \ 
log K-s-Aog Ki- - 4-7575 \j\TYr ) 


Free energy in iron alloy^^ 

Alloys are very dilute solutions of elements in steel and hence 
it is convenient to refer the free energies to a new standard rather 
than to mol fractions. The usual standard chosen is unit acti- 
vity at 1 % solution and activity at any other concentration in the 
region of the validity of Henry’s law is equivalent to weight per 
cent. The difference of free energy between this standard state 
and that referred to mol fraction, when an element A of atomic 
weight iv is transferred isothermally from pure liquid state to a 
state of x% solution is liquid iron, is given by : 

AG°=4-575 T log (0-5585/iv) 


1.29 



INTROTUCTORY PHYSICAL CHEMISTRY 


13 


The at. wt. of molyMemim is 95‘95. Iheiefoie, from Eq. 1.29, 
the free energy of dilution of pure liquid Mo in liquid iron is 
given by : 


Mo(/)=%[Mo]-: AG'>= —10-22 T 


In order to calculate the values from solid-to-liquid states, the 
free energy of fusion should be taken into account. As for ex- 
ample, in case of Mo 

the heat of fusion=6,600 cal and m.p.=2,873'’K. 

Therefore from Eq. 1.23 the entropy of fusion=6, 600/2,873= 
2-29. The desired free energy is obtained as follows: 


TABLE— 1.2 


Reaction 



A<7o 


>*1873 ” 

AUD 


[Al] 

—11,700 — 

7-70 T” 

0-043 

Cigr) 

= 

[C] 

6,400 — 

9- 7 T 


Cr(s) 

rr:: 

[Crl 

4,600 — 

11-177 

1 

Co(D 

= 

rco] 

— 

9-25 r 

1 

Cu(/) 


rcu] 

9,300 — 

9-40 7” 

12 

Mti(/) 

= 

[Mn] 

— 

9-12 7 

1 

MoCO 


[Mo] 

6,600 — 

12-51 7 

1 

Ni(0 

= 

[Nil 

— 

9-24 7 

1 

Si(0 

= 

fSi] 

—28,500 — 

2-23 7” 

(0-0077)” 

TiCv) 


[Ti] 

_7^(K)0 — 

11- 07” 

0-05 

VCv) 

=: 

m 

—3,900 — 

11-07 7'’ 

0-12 

W(j) 


fW] 

8,400 — 

13-797 

1 

ZtIs) 

= 

[Zr] 

—7,000 — 

12-20 7” 

0-05 

m,(g) 


[H] 

7,640 -f 

7-68 7” 


iN,(g) 

= 

INJ 

2,200 4- 

5-26 7 



= 

[O] 

—27,960 — 

0-63 7 


iSafe) 

=:= 

[S] 

—31,310 + 

5-127 


iPafe) 


[P] 

—29,250 — 

4-55 7” 


2 CO 


CO,+[C] 

—34,500 4- 

31-07 7” 


COfl 


C0+[0] 

39,540 — 

21-38 7 


CO 


[C]+[0] 

5,040 + 

9-69 7 


H.O 


H,+[0] 

32,200 — 

14-63 7” 

[O] is rather a. 

HrO 

= 

2[H]+[0] 

47,480 -f 

0.73 7 


SO. 

= 

[S]+2[0] 

—1,340 — 

13-03 7 



Mo(s)=Mo(0 AG°=6,600 — 2-29 

Mo(0=%[Mo](/) AG°= —10-22 

adding, Mo(j)=%[Mo] AC7°=6,600 — 12-51 
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Other such values are given in Table 1.2. 

For sdutions which deviate sharply from ideality, even the 
Henry’s law does not hold good. In such cases the activity 
coefficient defining the deviation from Henry’s law must be 
taken into account, e.g. 

AG°=RT In ( v°.0-5585/iv). 1.30 

In the case of gases like hydrogen and nitrogen in liquid iron, 
they may be assumed to behave ideally. The standard state is 
a hypothetical 1 % solution. At 1 atm. of pure gas, the % solu- 
bility is equal to K of Eq. 1.20. 

Therefore, A = — 4 • 575 T log a = — 4 • 575 T log (wt. % > 

1.31 

The free energies of reactions of importance to steelmaking 
are given in Table 1.2. The equilibrium constants of these reac- 
tions can be simply obtained by dividing these values with the 
factor — 4-575 T. The unknown free energy of a reaction can 
be obtained from known equations by suitable adjustments (addi- 
tion andjor subtraction of relevant equations). 

Oxygen potential 

If two or more phases in a system are in equilibrium, the 
chemical potential of any component is same throughout. If 
oxygen gas is in equilibrium with a condensed oxide, the chemical 
potential of oxygen or, in other words, the oxygen potential in 
both the phases must be the same. If the oxygen potential in the 
gaseous phase is more than that in the oxide phase, then the 
oxygen condenses to form oxide until the potentials are equalised. 
Conversely, if the oxygen potential in the oxide is more, the oxide 
decomposes to give out oxygen fill the equalisation of the 
potentials. 

Let us consider a three-phase equilibrium at a temperature T 
between oxygen, a pure metal and its oxide. 


2M -f O 2 = 2MO 


1.32 
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Ne^bcting the vapour pressures of the condensed 
equilibrium constant is given by 

{diases, the 

K=l/Po, 

1.33 

AG°= —RT In K=RT In Pqj 

1.34 

When the equilibrium between the three phases is reached, the 
oxygen pressure of the vapour phase, the vapour pressure of oxy- 
gen above the oxygen-saturated metal and the dissociation pres- 


sure of the metal oxide must all be same and equal to 

Thus, if AG°=RT In Pq^ is drawn against T, the curves 

give the variation of the oxygen potential or free energy with 
temperature. Similar plots can be made for nitrogen, sulphur 
potentials for nitrides, sulphides and others. The free energy plots 
of some oxides and nitrides and sulphides are drawn in Fig. 1.2. 
There are sharp bends in the curves at points where phase trans- 



AQSOLUTE TEMPERATURE K 

Fig. 1.2 — ^Free energies of formation of some oxides, sulphides 
& nitrides at steelmaking temperatures. 
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fonnations occur. This is because of consequent sharp changes 
in entropies. 

Such diagrams give a clear picture of the stability ol the various 
compounds relative to their sister compounds. The criterion oi 
a chemical reaction taking {dace is that its AG ° — rvalue is nega- 
tive. The less the free energy of formation of a compound (i.e. 
the greater the — AG°), the more stable is the compound. The 
lower the position of, say, an oxide in the diagram, the lower is 
ite oxygen-pressure and greater is the affinity of the element con- 
cerned for oxygen. All these reactions are suj^sed to take 
place at an oxygen — (or nitrogen — , sulphur — ) pressure of 1 
atm. At any given temperature, an element from any lower line 
is theoretically capable of reducing, i.e. displacing oxygen from 
any onde of any line above it; and greater the vertical distance 
between the two, the greater is the tendency to do so. These 
diagrams are, however, constructed under standard conditions 
where all the participating components are in their unit activities. 
Under different conditions, the free energy is subjected to varia- 
tions which sometimes are considerable. 

It is apparent that such diagrams only theoretically predict the 
occurrence of any reaction at any given temperature and pressure. 
They do not in any way foretell whether the reaction can take 
place at an appreciable rate. The velocity of a reaction which 
depends upon conditions other than the affinity is a subject that 
requires the mechanism of reaction or diffusion. 

Velocity of homogeneous reaction 

It is supposed that a reaction occurs due to collisions between 
the molecules. Calculations show that the rate of any reaction 
will be enormous if all the collisions are fruitful. In fact it is 
not so. The number of collisions which lead to reaction, i.e. the 
number of effective collisions, is only a fraction of the total num- 
ber of collisions. 

The cause of the failure to react on each collision is supposed 
to be due to the fact that a normal molecule reacts only when it 
is activated by a certain amount of energy, called the energy of 
activation. The reactants are in equilibrium at any given tem- 
perature and pressure with the activated molecules. The rate of 
reaction depends upon the equilibrium constant of this 
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equHilnium. The velocity of reaction is small where this cents- 
tant is small. The velocity of most reactions increases with tem- 
perature since this constant increases with temperature. 

Dffiaidoii 

The factors which influence heterogeneous reaction rates can- 
not always be explained by simple kinetic considerations. The 
reactants fn-esent in several phases find opportunity to react mily 
when they cpme into contact at the phase interfaces. Therefore, 
apart from the inherent chemical reaction rate, the rate of diffu- 
sion of the reactants to the interface and that of the products 
away from the interface assume importance in the overall velo- 
city of the reaction. 

Pick (1855) put forward his well-known Diffusion Law that 
if dh is the amount of a substance flowing in the direction of the 
concentration gradient of — dc (the minus sign signifies the de- 
crease in concentration along a distance dx) and if 5 is the cross- 
section of the upright cylinder which hojds the solution and dt 
the time interval, then 

An/ dt-— DS.de/dx 1.35 

Here D is the diffusion coefficient and is a constant at a given 
temperature. It is inversely proportional to the size of the mole- 
cule and the internal friction of the gaseous, liquid or solid media. 

It is assumed that at first a thin apparently saturated non- 
moving diffusion layer of thickness of the order of lO"® to 10* cm 
is formed, through which diffusion of the substance takes place. 
On this basis Eq. 1.35 can be reformed for practical applications. 
Use of the equation has been made on p. 193 for calculating 
the decarburisation rate in the open-hearth process of steel- 
making. 

Oxidation and Reduction 

The oxidation of a metal and the dissociation of its oxide are 
given by Eq. 1.32 from where, in the absence of mutual solubi- 
lity the condensed phases and neglecting their partial pressures, 

= Po, 


1.36 
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For every temperature there is a definite pressure of oxygen in 
equilibrium with the metal and its oxide, known as oxygen dis- 
sociation pressure — Po„. a function of temperature and in- 

creases with increase in temperature. If the Pq^ of any gaseous 

atmosphere in contact with an element is greater than its oxide, 
the element will suffer oxidation. If it is smaller, no oxidaticm 
can take place; rather, the oxide undergoes reduction and oxygen 
migrates to the atmosjrfiere until the oxygen pressures of the 
oxide and the atmosphere become identical. This is the basic 
principle of oxidation-reduction of metals and their oxides. It 
is true for sulphides, nitrides, etc. 

Since steelmaking is essentially an oxidation process, the 
necessity of supplying oxygen in one form or other is apparent. 
In the so-called pneumatic processes, the source of oxygen is air, 
oxygen-enriched air, oxygen-steam or oxygen-carbon dioxide 
mbcture, pure oxygen. In the open-hearth processes, the oxygen 
is supplied by the oxidising heating gases, apart from direct agents 
like iron ore, mill-scale • (oxides of iron obtained from reheating 
furnaces). 

The determination of the oxygen-pressures of the furnace gases 
which are the products of combustion of carbon monoxide, hy- 
drogen, hydrocarbons and other carbonaceous fuels, is not simple. 
However, approximate calculations can be made from CO and 
CO 2 or Ha and H^O values in the furnace atmosphere. The oxy- 
gen pressure increases with the amount of CO 2 or H 2 O and it 
can be estimated from CO JCO or H 2 O/H 2 ratios with the help 
of the free energy values. 

Example 

To find the oxygen pressure of a mixture of 

(/) 90% CO 2 & 10% CO (//) 50% CO 2 & 50% CO 
at 1,600°C = 1,873°K. 

2 CO 2 = 2 CO -f- O 2 : AG° = 135,100 — 41-50 T 

Dividing by — 4-575 T, log K = 29,500/r 4-9-1 

At 1,873°K, K=p^co Po2 =2-34.10’ 
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Case (0 * Pco,=0‘9 

Pq,=1-78.10» 

Case («) /^(-lo®**** PcOs®^®^ 

Po. = 2 - 34 . 10 ^ 


Fig. 1 .3 shows the graphical relationships' between CO 2 /CO & 
H 2 O/H 3 mixtures and their oxygen pressures at 1,600°C. The 
figure includes the oxygen contents of liquid iron under the corres- 
ponding atmosphere. 



Ffe 1 . 3 — Calculated relationship between CO 2 /CO & HsO/Ha 
mixtures and their_ oxygen pressures at 1,600'C. The oxygen 
contents of liquid iron under these atmospheres are also shown 
as O. 


The reactions that take place during refining of steel are : 
Fe -+■ 0 (FeO) [FeO] or [O] 

- [Si]-}-2[0] ^ (SiO.) 

[Mn]+ [O] (MnO) 

[C]+ [O] CO (g) 

4CaO 

2[P]-|-5[0] (P 2 O 5 ) > 4 CaO. P 2 O 5 

2[Cr]-t-3[0] -> (CraOa) 


[FeS] + (CaO) -> (CaS) + (FeO) 


6tC. etc* 

In genera], [M] + [O] = (MO) 


^ = «MO/(«[M] • a[0)) 

1.37 
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It is apparent that the oxidation will be nme complete, the 
greater the value of K itself, higher the oxyg^ input, i.e. ^[O] ([Ml 
may be deemed as more or less constant in steelmiddng proces- 
ses) and lower the value of • Since the products of oxi- 
dation except CO are generally insoluble in iron they go over 
to form the slag and the oxidation is facilitated if their oxides 
are held in a state of low activity in the slag. This is very apparent 
in Thomas or basic bessemer process where the remove of phos- 
phorus is delayed until enough lime dissolves in the slag and 
binds the oxidised element as calcium phosphate. Normally, in 
acid Bessemer carbon should be oxidised before manganese. 
But the latter reacts earlier since its oxide MnO forms manganese 
silicate with the consequent low activity. In basic processes, the 
initial manganese silicate farmed reacts with dissolving lime 
which releases some MnO and thus increases its activity. This 
increase retards further oxidation or rather some manganese is 
reduced or reverted back to the metal. 

In short, the oxidation of any element increases with decreasing 
activity of its oxide and its reduction is facilitated with increasing 
activity of the oxide and/or with the decreasing activity of the 
element as in the formation of an alloy with another element. 

Eq. 1.37 can also be called deoxidation reaction since the residual 
oxygen in steel after refining is removed by deoxidisers like Si, A1 
and sometimes Zr, Ti, etc. If the activity of their oxides is taken 
as constant, Eq. 1 .37 can be written as : 

K' =z % [O] . % [M] 1.38 

The lower the value of K\ the greater is the deoxidising action. 
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Chapter II 


STEEL^^ING PROCESSES 

Pig iron obtained from the blast furnace contains, depending 
Upon the raw materials used and the manner of operation of the 
furnace, varying amounts of mainly carbon, silicon, manganese, 
sulphur, phosphorus. The range of these elements in Ae iron 
is generally: 3-5— 4-5%C, 0-2 — 2-5% Mn or more, 0'3— 
4-Q% Si, 0*04 — 0*15% S, 0-02 — ^2-0% P or more. Such a high 
content of carbon renders iron brittle and incapable of being 
rolled, forged or shaped. Phosphorus, silicon and sulphur are 
mostly undesirable for mechanical treatment or for mechanical 
properties of the finished steel. Steel may contain anything up- 
to 1-7%C and varying amounts of other elements which may te 
deliberately added or retained in order to impart to it certain 
physical and mechanical properties demanded from the services 
to which it is put. S, P, N are generally kept as low as eco- 
nomically possible but sometimes higher contents of these are 
desired for better machinability, harihjess, etc. 

It is necessary to remove carbon and pther impurities from pig 
iron to a desired extent in order to obtain steel. Most of these 
elements can be and are removed by oxidation. Except the 
oxidation products of carboif (CO) and a little of SO 2 which 
are in gaseous state, other oxides of elements are removed in the 
slag together with some iron oxide which is formed due to un- 
avoidable oxidation of a part of iron. The oxidising agents 
used are air, oxygen, gaseous products of oxidation of fuels, 
ores, mill-scale (oxidised surface of blooms, ingots, etc., from 
rolling mills) and the like. 

There are various processes by which t’le oxidation is per- 
formed and steel is made. These processes have been devised to 
provide a controlled supply of oxygen to molten iron for the 
purpose of refining. The choice of the method depends upon 
the nature of raw materials available, economy, products and 
properties desired. Steelmaking has been divided broadly into 
(/) acid and (/7) basic processes. Whereas carbon, silicon and 

22 
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manganese can be removed with efficiency either by acid or by 
basic processes, the removal of sulphur and phosphorus requires 
lime to form- a basic slag. It is imperative that the refractory 
Ming of the steelmaking vessels should be acid in acid processes 
and basic in basic processes, since otherwise the slag and lining 
would react thereby changing the character of the slag and des* 
troying the lining rapidly. 

The following are the important processes- used for steel-' 
making : 

Pneumatic Processes 

In these processes air, air-oxygen, oxygen-steam, oxygen- 
carbondioxide or pure oxygen is blown through andjor on the 
surface of molten iron in order to effect the oxidation of the 
foreign elements. It is necessary that sufficient heat be 
supplied to the molten pig-iron, as oxidation or refining proceeds, 
to maintain it in a molten state and finally raise it to steelmaking 
temperatures 1, 550-1 ,650°C. Pig-iron is obtained generally 
between 1,300 — 1,400°C from the blast furnace in a molten state 
because carbon (and to a little extent other impurities) lowers the 
m.p. of iron (1,535°C). ' The m.p. of the molten iron rises con- 
tinually with the removal of carbon and if heat is not supplied 
simultaneously the metal may freeze. Such heat is obtained 
mainly from exothermic heats of reaction of silicon in acid and 
, of phosphorus in basic pneumatic processes. If air alone is blown 
through, ^s inert constituent nitro^n, during its travel through 
the moltenu>ath into the atmosphere, extracts considerable useful 
heat from the system. 

The refinmg time and the nature of the products depend consi- 
derably uptpn the manner the oxidation is carried out. The 
different ffiethods of pneumatic steel production are discussed 
briefly in the following sections. 

Acid bessemer process 

Molten pig is taken in 20-50 tons capacity converters lined with 
acid silica bricks and blown with air, through a detachable bottom 
fitted with refractory tuyeres, at pressures 20-30 psi. The pear- 
shaped vessel, as shown in Fig. 2.1a, is mounted on two trunnions 
on which it can be tilted horizontally during pouring liquid iron 
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and moved to vertical position when blovidng. In order to 
duce sufficient heat, enough silicon should be present whose ex-* 
othermic heat of reaction raises the temperature of the bath to the . 
neighbourhood of 1,600°C. Too much of silicon overheats the 
metal and coolants like steel scrap are used or steam is mix^ 
with the air blast which has a cooling effect due its endothermic 
heat pf dissociation. However, mill-scale or iron ore are more 
efficient coolants in view of the fact that reduction of these ondes 
to iron consumes more heat than required to melt solid metal. 
The composition of hot metal for a good blow is given in 
Table 2.1. 



converter (r) Fop-blown oxygen converter. 


The oxygen required for producing one ton of bessemer steel is 
about 65m-* or SOOm-"* of air. Aerial oxygen coming out of 
tuyeres oxidises iron at first to FeO and then reacts directly 
or indirectly in the form of FeO with silicon and manganese pro- 
ducing exothermic heat which rapidly increases the temperature 
of the bath. The burning of Si and Mn, which takes place in the 
beginning, produces a short flame. As their concentrations de- 
crease and the temperature simultaneously increases, the oxida- 
tion of carbon to monoxide begins and a long flame emanates 
from the mouth of the converter because of burning of CO with 
atmospheric oxygen. The products of oxidation form acid slag 
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of niainly FeO, MnQ, Si02 with little impurities from the converter 
j^Hning (CaO, AlaOs). CO is a gas and escapes. 

The oxygen content of iron is kept low as long as sufficient 
' carbon is present and increases as carbon falls. 



TIME OF SLOW, MINUTES 

2.2;—Compositional changes during a typical Acid Bessemer 
mow. The calculated nitrogen variation is shown by the dotted 
k T ^'■p^ssion from ‘The Physical Chemistry of Metals’ 
by L. S. Darken & R. W. Gurry- Copyright 1953. McGraw- 
Hill Book Co.) 


In order to obtain a uniform product the proper control of the 
end point becomes essential since uniformity of products depends 
greatly upon the oxygen content of steel. The change of com- 
position during a bessemer blow is shown in Fig. 2.2^. The 
nitrogen curve shows a steep rise during the latter period of the 
blow. Fig. 5.12 shows the amount of dissolved oxygen as a 
function of carbon content in a normal bessemer blow. Below 
about 0*05%C the curve rises upwards sharply, indicating the 
importance of proper control at the end of the blow; otherwise 
considerable oxygen pick-up by steel would take place and would 
need for its removal more deoxidisers to obtain clean steel. Be- 
low about 0*01 %C, further oxidation leads only to burning of 
iron to its oxides. 
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TIME OF BLOW. 

Fig. 2.3 — Compositional changes during a typical Thomas or 
Basic Bessemer blow. 

In bottom-blown acid Bessemer process the fluidity and com- 
position of the slag are of extreme importance. A fluid or watery 
slag is very disadvantageous and is avoided not only because such 
a slag flows with the metal into the casting ladle but also for 
the fact that a fluid slag is accompanied by slopping, i.e. consi- 
derable amounts of metal and slag are thrown out of the con- 
verter. It is, therefore, intended to produce the so-called ‘dry’ 
slag. This slag is also more or less ‘inactive,’ i.e. it does not 
take part in the slag-metal reactions in contrast to the open- 
hearth slags which are fluid and metal and slag can react to reach 
equilibrium. A Si|Mn ratio above 2 in the pig iron gives such 
a slag. A typical analysis of the slag is given in Table 2.1. 





s IS ^ c IS 
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Kaldo — ^Iron |3*0 — 3-7 .0*2 — 0-4 

1st Slag Steel »0*1 — 1‘0 | 

2Dd Slag , 0-1— 0-5 | 



















28 


PKINCIPLES OF STBEIJtlAKlNG 

Fluid or ‘wet’ slag is produced when SijMn is -lower than 2 
or so, or when the metal is overoxidised ginng large amount pi 
FeO vdtich fluxes the ‘dry’ slag. In case of wet slags, the degfeP 
of oxidation of bath is difiQcult to control. In Workington® high 
manganese pig is usual (1-8— 2-3% Si and 1-0— 1-3% Mn). 
Such an iron has been used satisfactorily through proper ctmtrol 
of blow although it produces wet slag. 

Phosphorus and sulphur are generally not removed by the acid 
slag. The use of natural air introduces nitrogen which amounts 
to O-OlO — 0-017% in the finished steel. The consequent strain- 
ageing and strain hardening effects limit the application of acid 
bessemer steel, specially for sheet and pipe products. It is 
possible to produce very low nitrogen steel of the order 0-002% 
if, instead of natural air, a mixture of steamjoxygen is blown. 
The mixture has however to be thermally equivalent to natural 
air and a 50|50 or 40|60 per cent of steamjoxygen mixture has 
generally been found to be suitable. 

Yocom® has developed a method of dephosphorising acid bes- 
semer steel from 0-08 — 0-09% P to about 0-02 — 0-04% P. 
This has been achieved by pouring the liquid converter steel on 
to a suitable low-melting mixture of small sized lime (CaO), 
mill-scale, fluorspur (CaFa) and soda ash (Na 2 CO3). This 
treatment combined with oxygenjsteam blowing furnishes open- 
hearth quality steel with low phosphorus and nitrogen. 

The temperature of steel can be increased (when blow is cold 
or scrap is desired to be melted) by tilting the converter slightly 
from the vertical position, so as to expose a few tuyeres (oblique 
blowing). The air coming through these exposed tuyeres bums 
the CO evolved from bath to COg inside the converter and the 
great heat then generated helps to increase the temperature and 
melt the scrap. The same can be partly achieved in side-blown 
converter (Fig. 2.\b). In this type nitrogen absorption is much 
reduced. The reason will be apparent from the discussions on 
pp. 388-89. 

Thomas or Basic Bessemer Process 

The name of the process suggests that steel is produced from 
pig-iron under basic conditions. In Germany it is exclusively 
known as Thomas Process. The vessel and the accessories are 
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similar to those is the acid process except that the Unisg aad 
bottom are made with rammed burnt dolomite MgO.CaO, 
(mixed with tar to act as bond). In the acid process the slag 
is produced from the oxidation products of Si, Mn and Fe, 
whereas in the basic, the added lime, together with the products 
of oxidation, i.e, Si02, MnO, FeO, P 2 O 6 etc. forms a basic slag 
which is capable of holding phosphorus and sulphur. The ex- 
othermic heat phosphorus oxidation is the main supplier of 
beat for maintaining the metal in fluid state and also for raising 
It to the steelmaking temperatures. A typical analysis of pig- 
iron for basic converter and the slag formed is given in Table 2.1. 

The variation of the concentrations in the conventional practice 
of blowing natural air is shown in Fig. 2 . 3 *, the order of removal 
of the impurities being Si, Mn, C and P. It is probable that these 
variations are due to the changes in slag character. On the in- 
troduction of air, silicon and manganese are converted to their 
respective oxides, the rate of oxidation of Mn being slower than 
in the corresponding acid process. The initial slag formed is an 
iron-manganese-silicate and is therefore acidic. Lime does not 
dissolve at first, the exothermic heat of oxidation of low silicon 
being not enough to bring CaO into solution. This acid slag 
binds MnO very strongly (as silicate) which is shown by the higher 
(MnO) content of this initial slag. The oxidation of carbon to 
CO also takes place, at first slowly (as long as much of Si is still 
there) and then rapidly. 

The phosphorus decreases upto about 75% of its original con- 
centration in the first 10-14 minutes when most of the carbon has 
been removed. After this period the dephosphorisation is very 
rapid. (The mechanism of dephosphorisation has been dealt with 
on pp; 95-114). This period of blow which is the beginning 
of real dephosphorisation after the carbon removal and continues 
to the end of the process, is called the ‘after-blow’ and lasts for 
2-3 minutes. Usually, at this time the blow is stopped, samples 
taken for visual estimation of P and subsequently reblown for a 
pre-determined number of seconds to bring the phosphorus con- 
tent from about 1% to 0*05%. The demand of phosphorus for 
oxygen during this period is so large that it reduces FeO more 
rapidly than FeO is formed by aerial oxidation. Thus, a consi- 
derable deoxidation takes place with a decrease of metal o.xygen 
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and a consequent reduction of MnO (because of lowering of 
oxygen potential of metal and slag). After the comidetion of 
dephosphorisation, the slag again becomes richer in FeO and the 
[Mn] decreases due to oxidation and adjusts itself to equilibrium 
condition with the slag. This behaviour of Mn is shown by the 
‘hump’ in the later periods of the blow (see Fig. 2.3). 

The phosphorus removal is favoured by high oxygen in the 
metal, high FeO and lime in the slag and by low temperature. 
The temperature can be controlled by addition of scrap while 
judicious use of mill-scale and ore helps both as coolants as well 
as oxidisers of slag and metal. 

The removal of sulphur is favoured by low FeO and high lime 
content of slag. Sulphur removal rather starts during dephos- 
phorisation, probably because of far-reaching deoxidation of 
metal and slag during this period and the dissolution of lime with 
the formation of highly basic slag. 

Nitrogen increases steadily during the blow and very rapidly 
during the dephosphorisation period. Nitrogen absorption upto 
0'01S% is facilitated during this period because of rapid rise in 
temperature and the prevailing reducing conditions. Oxide coolants 
help considerably in keeping down the nitrogen in the metal both 
because of lower temperature and their oxidising actions (cf. 
p. 387). The method of keeping down the nitrogen is to charge 
iron ore, mill-scale and limestone, instead of scraps as coolants, 
producing thereby a steel with nitrogen as low as 0-010% or even 
less (HPN®, LNP® processes. Fig. 2.4''). With the same coolants 
and air enriched with upto 30-35% oxygen, nitrogen can be 
brought down to 0-005%, and the metal temperature can also 
be higher. Further discussions are on pp. 386-90. 

After the initial blow with oxygen-enriched air, the subsequent 
finishing blow can be performed by oxygen-steam mixture. A 
large amount of scrap (r-'15-20% ) can be used and end nitrogen 
is about 0-004%. In order to produce steel with still lower 
nitrogen the use of air has to be excluded. Blowing with 
oxygen|steam leads to nitrogen values of only 0-002% (c/. Fig. 
2.5®, also p. 391). This value is somewhat lower than in open- 
heatth varieties and such steel can be used for ship plates and 
deep drawing purposes. A mixture of oxygenjcarbon dioxide 
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has also been successfully sued. The use of oxygen in all diese 
processes permits the utilisation of scrap. 

It must, however, be noted that in all these processes the phos- 
phorus is of the order of 0-04 — 0-05% . This is rather on the high 
side for very special types of steel and in order to bring it down 
to about 0-025%, double slagging is resorted to (c/. p. 288). 

The proper control of the end-point is very important because 
an over-oxidation leads to excess oxygen in steel causing the usual 
defects. The oxygen in Thomas steel is usually less than that 
in open-hearth for the same C-content if the blowing is stopped 
at the proper moment, i.e. when iron oxidation starts afresh 
after dephosphorisation. 

Great advances have been made in recent years to improve 
Tnomas steel quality, specially regarding its nitrogen content. A 
great disadvantage of this process is the delayed dephosphorisa- 
tion occurring after the removal of carbon has been complete. 
Such a steel will evidently have to be recarburised if higher 
carbon-content is desired. In basic open-hearth, phosphorus 
removal takes place before decarburisation and therefore tapping 
can be done at any carbon level if other specifications are within 
limits. This avoids excessive oxidation of the metal and there- 
fore use of heavy deoxidisers and resultant excessive non-metallic 
inclusions. Further, due to the profuse carbon boil in open-hearth 
the hydrogen (and nitrogen) is removed considerably by the wash- 
ing action of the evolved carbon monoxide. 

L. D. Proces^-^^ 

The new process of top-blowing of iron in basic converters (Fig. 
2.1c by 99-5% pure oxygen at supersonic speed through water- 
cooled lance has revolutionised steelmaking. This process has 
metallurgically more in common with the basic open-hearth, al- 
though the layout and plants and accessories are similar to any 
Thomas works. It was developed at Voest in Linz, Austria where 
the pig-iron produced from local ores contains phosphorus'--^ 
0-2% and is not suitable for conventional Thomas blow. The 
process, known universally as LD, has made rapid strides because 
of lower installation investment in comparison to open-hearths of 
the same capacity, abundant existence of low phosphorus ores, 
flexibility of use of various types of pig-iron, possibilities of using 
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Fig, 2.4 — Compositional changes during HPN & LNP blows. 
(From Blast Furnace & Steel Plant, Pittsburgh, Pa.) 



Time of htow, in min 

Fig. 2.5 — Compositional changes during a typical oxygen|steam blow. 
[ "Fhe elements underlined denote their percentages «n steel. ] 
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of scrap even upto 30-33% and very low nitrogen in finished steel. 
The time of blowing is however more (about 45-60 minutes 
depending upon the capacity). Even 300 ton converters are 
feasible and are being tried. The impingement of oxygen on mol- 
ten iron produces intense heat (about 2,500-3, 000°C is reached 
in the zone around the place of impingement) and oxidises iron to 
ferrous and ferric oxides which rapidly liquefy and bring the lime 
in solution to form a highly reactive liquid basic slag, capable of 
phosphorus removal. Due to the absence of turbulence as in 
bottom blown converters, the reaction of carbon with iron oxide 
in LD process is sluggish and the reducing action of carbon is not 
so pronounced. This helps the bath to maintain a higher oxygen 
potential for early dephosphorisation. It is, therefore, possible 
to effect a dephosphorisation before complete decarburisation (in 
contrast to Thomas process) and steel may be obtained at any 
desired carbon level by stopping the refining at the proper moment. 
The intense heat evolved due to use of almost pure oxygen enables 
additions of a large amount of scrap and ore as coolants (ore acts 
also as oxidising agent). Nitrogen content is kept as low as 
0*003-0 005%. In case of high silicon iron, it may be necessary 
to slag off the initial acid slag arid add more lime for obtaining the 
required basicity. A typical blow is shown in Fig. 2.6.^^^ 

The other new processes for basic steelmaking with oxygen 
for refining are the Kaldo and the Rotor. Both make use of rotary 
vessels and oxygen lancing. Rotation of the vessel creates a stirr- 
ing action in the bath (which is absent in T-.D. process) as well as 
helps in the conservation of heat because the CO evolved during 
decarburisation burns in the vessel to form CO^ with the evolution 
of large amount of heat which heats up the lining not in contact 
with the bath and then subsequently gives up the heat to the metal 
when it comes into contact with the heated portion of the lining 
during rotation. 


Kaldo Process 

This process was originally started at Domnarvet, Sweden in 
1956 with the intention of refining high-phosphorus iron by oxy- 
gen. It uses a rotating basic refractory-lined vessel. The design 
is shown in Fig. 2.7^'*. The vessel is inclined at an angle of 17-20° 
and possesses two running rings which rest on four supporting 
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Slowing" tlm^. Mins 

Fig. 2.6 — Compositional changes during an LD blow. 

(By courtesy of Steel & Ck>al). 

wheels. It can be turned round two trunnions and brought to 
various positions for charging and tapping. The original 25-30 
ton vessel has inside diameter 2- 3m when newly relined and is 
5 ■ 5m in length, corresponding to a volume of 0 • 65m*/t of steel. 

The inclination has a two-fold purpose. One is the overall 
larger volume in the tilted than in the horizontal position, the 
other being to cover more than half of the back wall, so that no 
portion of it may be overheated without being cooled down by 
molten metal during rotation. The rotation has also three-fold 
purpose ; one is the cooling of the exposed overheated lining by 
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molten metal, the second the creation of necessary stirring for 
better diffusion and slag-metal reaction and thirdly (which is a 
corollary of one), the absorption of heat from die overheated 
lining by the metal for melting scrap and using ore for oxida- 
tion whose reaction with carbon in metal is highly endothermic. 
Thus, ore and scrap not only increase metallic yield but also act 
as coolants to prevent overheating. 

The temperature of the outgoing gases is a measure of decar- 
burisation rate. This is because if large amount of CO is evolved, 
some unbumt gas will go out at the exit (since oxygen supply 
is limited and constant) and burn outside increasing the exhaust 
temperature. On slowing down the rotation speed, carbon reac- 
tion will subside (for reasons see p. 218), CO will burn com- 
pletely inside the vessel and the exhaust temperature will fall. Thus, 
from experience and close study of this temperature, the decar- 
burisation rate can be controlled at will by altering the speed of 
rotation of the vessel. The carbon removal can also be slowed 
down by varying the angle of impingement of oxygen on the bath. 
A flatter angle will play more on slag and less of carbon in the 
metal will get oxidised. 

The oxygen is supplied through a water cooled lance at a 
pressure of ^ 3 aim and directed at the bath at an angle of 25- 
35° depending upon the operating conditions. 

In Domnarvet, the pig iron resembles basic Bessemer variety. 
After charging of pig iron, the slag formers and coolants (lime 
and ore) are added and the oxygen blow starts. After the main 
removal of Si and some Mn, the carbon oxidation starts along 
with oxidation of a further amount of Mn which remains more 
or less constant when C — oxidation continues vigorously. The 
vigour of the carbon boil is kept under control by slowing the 
rotation and blowing oxygen at a flatter angle. This also enables 
a more complete combustion of CO and hence effects a greater 
heat economy. Phosphorus oxidation ^continues along with car- 
bon removal. The slag however melts much later, when the 
temperature as well as the dephosphorisation rate are high. 
This can be easily recognised from the increase in motor load 
(40-50% increase) since the semi-fluid slag sticks to the lining 
during rotation. A sudden or gradual decrease in the load sug- 
gests the melting of slag and no layer sticking. This usually 
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happens at 0-5% P. At this stage, there is a manganese rever- 
sion from slag to bath (as in Thomas process) and the iron con- 
tent of slag is also low. Further injection of oxygen is necessary 
for removal of phosphorus and both Mn and Fe in slag rise. 
The first slag off is usually done at 0-1% P. At this stage, car- 
bon may vary within wide limits according to rotation speed, 
amount of ore charged and angle of oxygen injection. However, 
usually it is done at 0-2 — 0-3% C for low carbon steels. For 
higher C — steels the slag off is usually done at 0-2 — 0-3% P and 
] — 1.5% C depending upon the desired final contents. In order 
to minimise lining erosion it is desirable to attempt a late dephos- 
phorisation and, therefore, a late liquefaction of slag. As the slag 
liquefies and (Fe)-slag increases, the attack on the refractory in- 
creases enormously. The rich phosphate first slag contains 1 8-20% 
PaOr,; 51-54% CaO; 7-8% SiOo; 2 -5-3 -5% MgO; 2 -5-3 -5% 
MnO and 8-10% Fe. The slag bulk is 280 Kg/t of pig. 

About 80% of this slag is usually drained off and a new slag 
made with additional lime and ore. It is further blown with 
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oxygen to attain the desired P & C contents. Tapping temperature 
is 1, 620-1, 650X. 

A second slag off may be necessary to attain very low phos- 
phorus 0- 02% P max. Typical compositional changes during 
a Kaldo heat is shown in Fig. 2.8.^® 

The bulk of sulphur is removed at the iBrst slag off when (Fe) 
is. low and basicity is high. The total desulphurisation in Kaldo 
process is between 60-80% . When very low sulphur is required 
the first slag off may be done at high C-content since low (Fe) 
is associated with high-carbon. We will see later (c/. p. 316), a 
high (Fe)-slag hinders sulphur removal. 

The Kaldo process is very flexible and almost any type of 
steel can be produced from any variety of pig. Even acid steels 
can be made when the vessel is lined with acid bricks. Both low 
and high carbon steels can be produced with low P, S and N. 
Low carbon electrical steels and high carbon tool steels are 
comparable to any produced by other processes. The tests show 
very good impact strength and non-ageing and cold working 
properties. 

Rotor Process 

The Rotor process was originally developed in Oberhausen for 
pre-refining of pig-iron for use in the open-hearth. The vessel 
is a cylindrical one, placed horizontally with an opening on each 
end, for charging and escape of waste gases, as shown in Fig. 
2.9. It rotates slowly with a speed of 0* 1-0-5 r.p.m. The lin- 
ing is of magnesite bricks coated with tar-dolomite. It is charged 
when hot with scrap and ore and subsequently liquid iron is 
poured in. Oxygen is blown through two lances. The water- 
cooled primary lance dips in the molten metal and the oxygen 
both oxidises and stirs the metal. The secondary lance is placed 
above the charge and the oxygen in this case can only bum the 
metal and slag whipped up by the turbulence created by the pri- 
mary jet. The great amount of heat from burning of CO heats 
up the lining which is cooled down by the metal when if comes 
in contact during rotation. This rapid heating together with the 
oxidised iron helps in the early creation of a liquid basic oxidising 
slag which causes acceleration of dephosphorisation. 

This process can be used for any range of phosphorus content of 
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Fig. 2.9 — A Rotor vessel (schematic). 



Time of Uow,per cent 

Fig. 2.10 — Compositional changes during a Rotor blow. 

(R. Graef, Stahl und Eisen, 77, 1957, 17). 

{Hg-iron. For high phosphorus iron, a double slag technique 
has to be adopted, as in the Kaldo process. Dephosphorisation 
precedes decarburisation and their relative rates are shown in 
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oxygen to attain the desired P & C contents. Tapj^ temperature 
is 1, 620-1 ,650°C. 

A second slag off may be necessary to attain very low phos- 
irfiorus*— ^ 0-02% P max. Typical compositional changes during 
a Kaldo heat is shown in Fig. 2.8.^® 

The bulk of sulphur is removed at the first slag off when (Fe) 
is low and basicity is high. The total desulphurisation in Kaldo 
process is between 60-80%. When very low sulphur is required 
the first slag off may be done at high C-content since low (Fe) 
is associated with high-carbon. We will see later (c/. p. 316), a 
high (Fe)-slag hinders sulphur removal. 

The Kaldo process is very flexible and almost any type of 
steel can be produced from any variety of pig. Even acid steels 
can be made when the vessel is lined with acid bricks. Both low 
and high carbon steels can be produced with low P, S and N. 
Low carbon electrical steels and high carbon tool steels are 
comparable to any produced by other processes. The tests show 
very good impact strength and non-ageing and cold working 
properties. 

Rotor Process 

The Rotor process was originally developed in Oberhausen for 
pre-refining of pig-iron for use in the open-hearth. The vessel 
is a cylindrical one, placed horizontally with an opening on each 
end, for charging and escape of waste gases, as shown in Fig. 
2.9. It rotates slowly with a speed of 0- 1-0-5 r.p.m. The lin- 
ing is of magnesite bricks coated with tar-dolomite. It is charged 
when hot with scrap and ore and subsequently liquid iron is 
poured in. Oxygen is blown through two lances. The water- 
cooled primary lance dips in the molten metal and the oxygen 
both oxidises and stirs the metal. The secondary lance is placed 
above the charge and the oxygen in this case can only bum the 
metal and slag whipped up by the turbulence created by the pri- 
mary jet. The great amount of heat from burning of CO heats 
up the lining which is cooled down by the metal when it comes 
in contact during rotation. This rapid heating together with the 
oxidised iron helps in the early creation of a liquid basic oxidising 
slag which causes acceleration of dephosphorisation. 

This process can be used for any range of phosphorus content of 
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Fig. 2.9 — A Rotor vessel (schematic). 



Ti/ne of blovv'.per cent 

Fig. 2.10 — Compositional changes during a Rotor blow. 

(R. Graef, Stahl und Eisen, 77, 1957, 17). 

pig-iron. For high phosphorus iron, a double slag technique 
has to be adopted, as in the Kaldo process. Dephosphorisation 
precedes decarburisation and their relative rates are shown in 
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Fig. 8.15. The rates for L.D. and Thomas processes with nor- 
mal and oxygen-enriched air are also shown. A Rotor blow 
with Thomas pig is shown in Fig. 2.10.^® 

A new type of vessel, still in the experimental stage, is ellip- 
tical in shape and because of unequal radius inside the vessel 
helps in creating a great turbulence and stirring of the bath and 
slag. This thorough mixing should help in the slag-metal 
reactions.** 

The other finer improvements in the oxygen blowing processes 
are the use of finely powdered or small pieces of lime, injection 
of lime together with the oxygen blast (LD-AC, OLP, cf. 
Fig. 2.11)*® *■'’•** In Thomas process, in order to attain low 



Fig. 2.11 — Compositional changes during an LD-AC blow 
(By courtesy of Steel & Coal). 

phosphorus in the range 0-02-0*03%, the initial slag is drained 
off and a second slag is made with or without the addition of' 
lime, soda, etc., and blown further for a few seconds. In Phoe- 
nix-lance (PL) process^®, the Thomas converter is tilted to 
horizontal position after initial bottom blow, oxygen is injected 
for some time and subsequently raised vertically and reblown with 
air. Fig. 2.12^® shows a typical blow. (See also p. 295). 
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The metallurgical aspects of all these processes are dealt with 
separately in subsequent chapters. 



0 4 8/2 /6 

Time of blow, minutes 

Fig. 2.12 — Compositional changes of C, P & N during a PL blow. 

Open Hearth Processes 

Although the steel made by the converter processes is natur- 
ally cheaper, the problem of producing quality steel of definite 
properties and specifications could not be fully solved. The 
reactions in pneumatic processes are so fast and since analysis 
of elements present in steel takes considerable time, it is difficult 
to maintain a proper control of the composition of steel. The 
pneumatic processes (except perhaps the newest oxygen lancing 
processes) require a pig iron of certain limiting composition 
which is difficult to obtain because of constantly varying types 
of iron ores and other blast furnace raw materials. Further, 
a large amount of scrap cannot be used in such processes be- 
cause the heat evolved therein is self-generated by the exothermic 
oxidation reactions and is therefore limited. 
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Martin suggested the melting of pig iron and scrap in large 
open-hearth furnaces for the production of steel, the charge 
being heated to 1,600-1 ,650°C mainly by radiation of heat from 
the burning of gaseous fuels above it. It is not the amount of 
heat but rather the high temperature heat that is essential for the 
purpose. Such high temperature heat of temperatures around 
2,000°C can be obtained by the burning of sufficiently pre-heated 
air and gas or of high calorific liquid fuels (with or without 
oxygen-enriched air). Such pre-heated air or gas is obtained by 
passing them through hot regenerators (a honey-comb of high- 
grade fireclay brick-works called checkers) which has been pre- 
viously heated by the hot outgoing products of combustion from 
the furnace. This possibility of obtaining high temperature heat 
has led to the rapid universal use of open-hearth furnaces for 
the production of steel. Since the necessary heat for melting 
and refining of steel is supplied from outside, there is no limit 
for use of cold charges and even 100% scrap can be used. In 
practice, however, there is a fair proportion of molten pig-iron 
(or blown metal from bessemer) and scrap. 

The oxidising media in open-hearth are the heating gases (pro- 
ducts of combustion of gaseous and/or liquid fuels), carbon 
dioxide evolved from charged limestone (in basic process), iron 
or manganese (occasionally used) ores, scrap rust and scale. 
The burning of fuel reduces the oxygen-potential of the air and 
the combustion gases have average oxygen-pressure in the neigh- 
bourhood of 10'^“ atm, although at some places it may be less 
where combustion has been incomplete or sluggish. At steel- 
making temperatures, the oxygen-pressure of liquid iron (as it 
is never saturated with oxygen) with normal carbon and oxygen 
is of the range 10 **-10'‘' atm. Thus, there exists a consider- 
able oxygen-pressure gradient from furnace atmosphere to the 
bath. There is a million-fold or more natural tendency for the 
oxygen of the heating gases to diffuse from high to low pressures 
and thereby oxidise the bath.*® The intervening slag layer will 
probably have an oxygen pressure in-between the two, of the 
order of 10'^- 10® atm. The probable mechanism of oxidation 
is that the heating gases convert the FeO in slag to FegOs at the 
gas-slag interface, the latter migrating to slag-metal interface due 
to convection and reduced there to FeO according to Fe 203 -fF'e 
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->3 FeO. This FeO is partitioaed between metal and slag and 
the equivalent oxygen in metal oxidises carbon and other foreign 
elements. The oxidising power of the slag is determined not 
by the amount or mol fraction of FeO in the slag but by its 
capacity for delivering oxygen to the metal (same as activity). 
The oxygen oxidises the carbon with the evolution of CO whose 
reducing and boiling action tend to maintain the slag layer less 
oxidising than normally possible. The oxidation mechanism can 
be seen from Fig. 2.13.*^ 



[The solid lines under elements denote their presence in steel.] 

Fig. 2 .13— A schematic representation of oxidation process in open-hearth. 

{W.O. Philbrook & P.M. Washburn, Basic Open-hearth Steelmaking, 
AIME, Copyright 1951) . 

The evolution of CO from the carbon-oxygen reactions known 
as the carbon boil, creates a turbulence in the bath and is of ex- 
treme importance for open-hearth efficiency. It not only helps 
in the equalisation of concentrations of various components of 
the bath but what is more important, it also facilitates heat 
transfer from the heating gases to the metal. Carbon, as long 
as it is present in appreciable amount (more than about 0-05%), 
controls to a certain extent the oxygen potential of the bath. 
If the oxidation is, however, allowed to proceed to completion 
the whole of the bath will have reached an oxygen potential 
approximately that of the heating gases, l.e. 10'* atm, which is 
about the same as that of FcsOi at steelmaking temperatures. 
Thus, if oxidation is not arrested at the proper moment the whole 
steel bath will be slowly converted to a product of composition 
approximating Fei (04 with FcgOii, CaO, MnO, silicates, phos- 
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phates, etc., as impurities. It is, therefore, necessary to freeze 
up artificially the oxidation-reduction equilibrium of slag and 
metal, when the desired composition has been attained, by tap- 
ping the metal, or temporarily, by adding C, Mn to the metal 
bath or CaO, Al, Si to the slag. 

The oxidised impurities are removed as slag (being almost 
insoluble in steel) except CO which is a gas and^ escapes. The 
slag is made acidic or basic according to the nature of forei gn 
elements present in the bath. Phosphorus and sulphur can only 
be eliminated by basic slags. Lime is the commercial base used 
for the purpose. 

Basic Open-hearth 22 

An open-hearth furnace consists of a hearth in the middle 
and roof at the top with flues for air and gas for heating on both 
sides. It can be cither stationary or tilting. Tilting furnaces 
are used where the slag is to be removed or flushed off and a new 
slag made. The fuel used may be gas, liquid or a combination 
of both or sometimes together with solids such as powdered 
coke, etc. 

The bottom and the banks are built-up with refractories that 
must not only hold steel at temperature of about 1,650®C but 
also withstand the attack of the slag which is highly reactive at 
such high temperatures. The bottom of the hearth is laid with 
several courses of insulating fire-clay and magnesite bricks with 
or without neutral chrome-magnesite bricks and finally the surface 
is produced by burning-in high-magnesia or tar-dolomite in succ- 
essive layers. 

The depth of the metal in hearth varies from 75cm to 125cm 
according to the charge used. If major portion of the charge is 
pig-iron, a greater amount of ore is used for oxidation. As ore 
prevents the passage of heat to the bath, a higher bath surface 
area per ton of metal is necessary for economical heating and the 
heat should therefore be performed in a shallow bath offering 
more surface. A shallow bath gives also more slag-metal and 
metal-hearth interface per ton of metal which are so important 
tor the rate of carbon removal. High quality steel is generally 
made in shallow bath because at the end such a bath is less oxi- 
dised than deeper ones. 
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The open-hearth makes it possible to use scrap and i»g-inm in 
all proportions, i.e. starting with 100% scrap to 100% pig-iron. 
The choice of the proportions depends upon the availability of 
the two. Bessemer blown metal having phosphorus and sulphur 
is also used and such a process is known as ‘duplexing’. Initially 
the scrap and sometimes solid pig-iron together with limestone 
are charged into the furnace and fuel turned on fully. During 
this ‘melt dowri period, considerable amount of iron is oxidised 
to FeO depending upon the exposed surface, light scrap being 
oxidised more than the heavy ones and the pig (as it contains 
carbon and silicon) is oxidised the least. The extent of this oxi- 
dation is important since, like ore, the oxidation jfroducts furnish 
oxygen for the elimination of metalloids later. Other elements 
present, such as C, Mn, Si and P (and also Al, Cr, V, Ti, etc. if 
they are present), may be oxidised during the melting period. 
Some of these oxides may be reduced later during the refining 
period depending upon their amounts and the amount and com- 
position of the slag formed. Eventually, when the metal and the 
slag approach near equilibrium, these impurities distribute them- 
selves between the metal and the slag (as their oxides) according 
to the chethical laws governing the heterogeneous system. There 
is generally, considerable sulphur pick-up from the heating gases 
during the melting period when the flame sweeps over the scrap 
directly and the extent of sulphur pick-up depends upon the length 
of this period and sulphur content of the fuels. 

Depending upon the variations in steelmaking methods in diffe- 
rent plants and countries, the molten pig iron may be added when 
the temperature of the furnace and the charge is high enough 
(so that the charge may not freeze up) and the scrap is partially 
melted. The oxidation of Si, Mn, P and C from pig-iron starts 
in the given order after the addition of molten iron, the source of 
oxygen being FeO formed from the scrap and the ore which is 
charged as the melting progresses. The oxidation of Si produces 
acid Si02 whereas that of Fe and Mn produce basic FeO and MnO. 
The initial slag formed, when lime has not or just partially come to 
solution, is composed of fusible acid iron-manganese silicates. 
The removal of phosphorus depends upon the available lime and 
also upon the activity of FeO in the slag, since dephosphorisation 
is facilitated by high basicity or Ca 0 |Si 02 or the so-called V-ratio 
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and high FeO content of the slag. Elimination of carbon starts 
when most of the silicon has been oxidised to silica. 

The acid silicates are the major constituents of the slag before 
the start of the calcination of CaCOa which takes place when suffi- 
cient heat has gone down the bath (i.e. calcining temperature is 
reached). This usually happens before the completion of the 
above refining reactions. TTie calcination reaction CaCOa 
CaO + CO 2 is endothermic and since also the limestone charged 
is in lump-form the evolution of CO 2 is slow. The evolution of 
CO 2 creates turbulence in the bath known as 7/me boil* and thereby 
helps in the transfer of heat from the furnace atmosphere to the 
bath. It also supplements the oxygen required for the refining 
process since it is an oxidising agent, it itself being reduced to 
CO by the elements oxidised in the process. 

The calcination produces CaO which is basic and reacts with 
the silicates to form calcium silicate and release FeO and MnO. 
As lime floats up to the slag, the latter changes its acidic charac- 
ter and its increase in basicity starts aiding phosphorus and sul- 
phur removal. The liquid slag formed is a mixture of various 
constituents obtained during refining and from additions and re- 
fractories. They are generally silicates or double silicates of lime 
or other bases, ferrous and ferric oxides, manganese oxide and 
oxides of other impurities, phosphates of lime, alumina, magnesia, 
chromic oxide, etc. 

The working or refining period starts when the melting is com- 
pleted and most of CaCO^ is calcined and rises to the top. The 
chief aims of this period are to attain a bath temperature suitable 
for finishing and tapping, the removal of most of the phosphorus 
according to specifications, and decarburisation at a speed com- 
mensurate with the rate of heat input and rising melting point of 
iron with decreasing carbon content and bring it down to a level 
to be dealt with during the finishing period. If too much of pig 
iron is used and|or too much Si and P are present in the charge 
the initial slag whose basicity should be between 1-5-2 is generally 
removed in order to decrease the slag bulk which would otherwise 
deteriorate the heat transfer to the bath and overheat the roof. In 
order to accelerate the oxidation of phosphorus, ore is sometimes 
used. After the removal of the initial slag lime, bauxite and|or 
fluorspar (CaFo) are added to form a new slag. Generally, a 
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high rate of decarburisation is maintained during the dephosj^o- 
risadon and the Mn-content maintained above 0* 20-0 -25%. 

The lime coming to the top starts dissolving in the slag. After- 
the ‘melting’ further oxidation is carried out by furnace gases 
acting indirectly through the slag. The ‘carbon boil’ is the only 
important reaction that continues upto the time of deoxidation 
and tapping. During the ‘boil’ a great care of the heat is taken 
by a systematic analysis of slag and the metal and by a close 
observation of the bath temperature and slag viscosity. If the 
slag is viscous, it is made thin by adding bauxite or CaFa. The 
basicity at the end of the heat is generally about 3-0. The 
charge is so calculated that the carbon-content at melt-down is 
about 0.4-0.5% higher than the desired specification. However, 
it is brought down a little below the desired level (for later ad- 
justment in the furnace and the ladle) by suitably adjusting the 
slag during the boil in such a way as to have the other constituents 
within the prescribed specifications before tapping. The rate of 
decarburisation is controlled by additions of ore or lime. In a 
normal ‘boil’ the rate is 0- 15-0-2% C|hr and after heavy oreing 
it is about 0-6-0 -7% C|hr. 

After the refining period only the final adjustments of tempe- 
rature and composition of steel are made in what is known 
as the finishing period. The elimination of all the metalloids is 
virtually complete, phosphorus and sulphur are stabilised in the 
slag and decarburisation continues at a slow and steady rate before 
the finishing starts. There is generally, a slight manganese rever- 
sion to the bath which is a sign of proper bath temperature and 
slag composition and the state of oxidation. Final adjustments 
of composition are made with additions in the furnace or the ladle. 
The run of a basic open-hearth heat is shown in Fig. 2.14. 

Add Open-hearth 

The open-hearth furnace and accessories are the same as in 
basic open-hearth. The hearth and the banks are made of acid 
sUica bricks and rammed with quartzite with high SiOs and 3-5% 
bauxite as bond material. In view of the tendency of silica to 
spall due to volume changes with temperature, the maintenance 
of acid-hearth needs more care and attention than basic ones. 
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Fig. 2.14 — run of basic open-hearth heat. 

With proper fettling with sand after every heat acid-hearths last 
for years. 

The hearth surface becomes impregnated with iron oxides, 
MnO. AI 2 O 3 , etc., during the course of the furnace operation. 
It is necessary to remove the surface layer by melting with sinter 
and lime and a new rammed layer made. This helps not only to 
increase the furnace life but is also essential for producing good 
quality steel. We will presently see, in the case of acid steels, 
unlike the basic ones, the hearth enters into reaction with the 
bath and the slag. 

Tile pig iron used for acid open-hearth may contain low or 
high manganese. For low manganese the range is 0*3-0-5% 
whereas for high it may be 1 *5-3*0%. S and P should be below 
0*025-0*03%. 
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In acid (q)en-hearth, flnms are not used (exc^ . sometimes 
CaO and AI 2 O 8 ) and, therefore, frequently the bath is not com- 
ply covered by slag. The slag itself is formed from oxida- 
don products of the iMg and scrap, i,e, FeO, MnO and SiOa and 
also from silica dissolved from the hearth. In order to cover the 
bath, sand and add slag are to be added; otherwise the oxidathm 
process will be accelerated by the direct impingement of flame 
without corresponding rise of temperature, with all the consequent 
troubles of cold heats. The run of an add open-hearth heat is 
shown in Fig. 2.15. 
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[The solid lines under elements denote their presence in steel.] 
Fig. 2 .15 — run of acid open-hearth heat. 


The add open-hearth steel may contain both high and low 
silicon contents according to de^re by proper control of the slag. 
The process can, therefore, be broadly divided into (/) 'passive’ 
process where large amount of silicon is reduced to the bath, 
(a) 'active’ process where Si is reduced only to a limited extent 
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(i) Passive process ; The silicon reduction is caused by 
higher temperature (since Si 02 -^Si 4-20 is endothermic) and by 
weakly oxidising slag saturated with silica and containing solid 
silica which makes the slag very viscous (see Fig. 3.19n). The 
viscosity depends on the content of SiOs, a slag containing 50- 
54% Si02 is reasonably fluid but with 55-65% is very viscous, 
which restricts the transfer of oxygen to the bath. The reaction 
of carbon with oxygen takes place at the hearth (c/. p. 188) 
which coupled with the inadequate supply of oxygen from slag 
causes carbon (as well as Mn and Fe) to react with Si02 of 
the hearth and reduce it to [Si]. The reduced Si reacts with the 
slowly diffusing oxygen of the slag at or near the metal jslag 
interface and is oxidised to Si 02 which is incorporated in the slag 
thereby increasing its viscosity. Thus, there is a constant trans- 
fer of Si from hearth to slag. 

The heterogeneity of the slag causes the Mn content of metal 
also to increase to values higher than the equilibrium content. 

The oxidising capacity of the slag depends not only on the 
activity of (FeO) but also on the ctmsistency of the slag. The 
latter alters according to silica-content. Thus, the reactivity of 
the slag can be controlled by addition of sand, fire-clay, etc. 
The Si-metal increases almost simultaneously with the increase of 
SiOo in slag. The Si reduction will be less, the more the slag 
is made fluid and oxidising by additions of iron ore. 

(ii) Active process ; In order to prevent an excessive Si- 
reduction, it is necessary, in view of what has been said in the 
preceding section, to increase the oxidising capacity of the slag 
by additions of iron ore (which increase the fluidity as well as 
the (FeO)-activity of the slag), prevent a large increase in 
temperature with the help of other coolants and add only limited 
amounts of lime (less than 10%). 

Lime increases the solubility of Si02 in Fe0-Mn0-Si02 slags 
from about 50-54% without lime to about 65-70% with 10% lime. 
It also increases the fluidity as well as the oxidising capacity of 
the slag by reacting with iron silicates to liberate (FeO) and 
forming calcium silicate. The released (FeO) can restrict Si- 
reduction as well as oxidise [Si], thus keeping Si-reduction under 
control. Alumina increases the slag fluidity and behaves similarly 
as lime except that it is neutral to silicates. 
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The extent of decarburisation and Si- and Mn-reductions are 
controlled by proper adjustment of temperature and slag, by in- 
creasing or decreasing the slag fluidity with additions of ore, lime 
alumina on the one hand, and sand, fireclay on the other. Ulti- 
mate oxygen content of steel is much less than in basic open- 
heaith and thereby leads to better quality steel. 

Modern American Practice 

In America nowadays the refining of steel in acid open-hearth 
does not make it necessary to use ore or other oxidising addi- 
tions. The rate of carbon removal is mainly controlled by in- 
creasing or cutting-back the fuel (i.e. by increasing or decreasing 
the temperature), thus enabling the end or tapping carbon to be 
approached at fast or slow rates according to desire. Moreover, 
the heat can be brought to the tapping temperature simultane- 
ously with the attainment of the car^n specification. During the 
course of the reactions, for low manganese charge and therefore 
low MnO in slag which is generally about 12-15%, MnO remains 
practically constant whereas FeO decreases supplying oxygen for 
the carbon reaction. The Mn- and Si contents in the bath 
increase only slightly. On the other hand, if MnO exceeds 
about 30%, it is this oxide which suffers reduction and its per- 
centage in slag decreases, whereas that of FeO is fairly level. It 
is apparent, in such cases, that MnO supplies the oxygen instead 
of FeO for the carbon reaction. The bath increases in Mn. In 
the intermediate range slags, i.e. in the neighbourhood of 25% 
MnO both FeO and MnO supply the oxygen, the percentages of 
both in the slag decrease to a certain extent and both the elements 
pass on to the bath. The silica content of slag, however, in all 
cases, increases and attains saturation. This automatic refining 
of steel in acid open-hearth has been explained by Fitterer^ with 
the help of ionic theory of slags (c/. p. 175). 

Electric Process 

The principles involved in electric steelmaking are similar to 
those in open-hearth processes. In the latter processes the fur- 
nace atmosphere and therefore the slag have necessarily to be 
oxidising. In case of electric furnaces, the heating is performed 
(i) mainly by radiation as in the arc process where intense heat 
is produced by striking an arc between two or three graphite 
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<i) Passive process : The silicon reduction is caused by 
higher temperature (since Si02->Si4-20 is endothermic) and by 
weakly oxidising slag saturated with silica and containing solid 
silica which makes the slag very viscous (see Pig. 3.19a). The 
viscosity depends on the content of Si02, a slag containing 50- 
54% Si02 is reasonably fluid but with 55-65% is very viscous, 
which restricts the transfer of oxygen to the bath. The reaction 
of carbon with oxygen takes place at the hearth (c/. p. 188) 
which coupled with the inadequate supply of oxygen from slag 
causes carbon (as well as Mn and Fe) to react with Si02 of 
the hearth and reduce it to [Si]. The reduced Sli reacts with the 
slowly diffusing oxygen of the slag at or near the metaljslag 
interface and is oxidised to SiOo which is incorporated in the slag 
thereby increasing its viscosity. Thus, there is a constant trans- 
fer of Si from hearth to slag. 

The heterogeneity of the slag causes the Mn content of metal 
also to increase to values higher than the equilibrium content. 

The oxidising capacity of the slag depends not only on the 
activity of (FeO) but also on the ctmsistency of the slag. The 
latter alters according to silica-content. Thus, the reactivity of 
the slag can be controlled by addition of sand, fire-clay, etc. 
The S-metal increases almost simultaneously with the increase of 
SiO.^ in slag. The Si reduction will be less, the more the slag 
is made fluid and oxidising by additions of iron ore. 

(ii) Active process : In order to fwevent an excessive Si- 
reduction, it is necessary, in view of what has been said in the 
preceding section, to increase the oxidising capacity of the slag 
by additions of iron ore (which increase the fluidity as well as 
the (FeO) -activity of the slag), prevent a large increase in 
temperature with the help of other coolants and add only limited 
amounts of lime (less than 10%). 

Lime increases the solubility of Si02 in Fe0-Mn0-Si02 slags 
from about 50-54% without lime to about 65-70% with 10% lime. 
It also increases the fluidity as well as the oxidising capacity of 
the slag by reacting with iron silicates to liberate (FeO) and 
forming calcium silicate. The released (FeO) can restrict S- 
reduction as well as oxidise [Si], thus keeping Si-reduction under 
control. Alumina increases the slag fluidity and behaves simOarly 
as lime except that it is neutral to silicates. 
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The extent of decarburisation and Si- and Mn-reductions. are 
controlled by i^oper adjustment of temperature and slag, by in- 
creasing or decreasing the slag fluidity with additicms of ore, lime 
alumina on the one hand, and sand, fireday on the other. Ulti- 
mate oxygen content of steel is much less than in basic open- 
heatth and thereby leads to better quality steel. 

Modern American Practice-^ 

In America nowadays the refining of steel in acid open-hearth 
does not make it necessary to use ore or other oxidising addi- 
tions. ^e rate of carbon removal is mainly controlled by in- 
creasing or cutting-back the fuel (i.e. by increasing or decreasing 
the temperature), thus enabling the end or tapping carbon to be 
approach^ at fast or slow rates according to desire. Moreover, 
the heat can be brought to the tapping temperature simultane- 
ously with the attainment of the carbon specification. Ehiring the 
course of the reactions, for low manganese charge and therefore 
low MnO in slag which is generally about 12-15%, MnO remains 
practically constant whereas FeO decreases supplying oxygen for 
the carbon reaction. The Mn- and Si contents in the bath 
increase only slightly. On the other hand, if MnO exceeds 
about 30%, it is this oxide which suffers reduction and its per- 
centage in slag decreases, whereas that of FeO is fairly level. It 
is apparent, in such cases, that MnO supplies the oxygen instead 
of FeO for the carbon reaction. The bath increases in Mn. In 
the intermediate range slags, i.e. in the neighbourhood of 25% 
MnO both FeO and MnO supply the oxygen, the percentages of 
both in the slag decrease to a certain extent and both the elements 
pass on to the bath. The silica content of slag, however, in all 
cases, increases and attains saturation. This automatic refining 
of steel in acid open-hearth has been explained by Fitterer“ with 
the help of ionic theory of slags (cf. p. 175). 

Electric Process 

The principles involved in electric steelmaking are similar to 
those in open-hearth processes. In the latter processes the fur- 
nace atmosphere and therefore the slag have necessarily to be 
oxidising. In case of electric furnaces, the heating is performed 
(i) mainly by radiation as in the arc process where intense heat 
is produced by striking an arc between two or three grajAite 
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electrodes at very high KVA, or («) by induction where hig^ 
or low-fiequen(^ currents are passed through water>cooIed cc^ 
per tubes wound round refractory-lined crucible-like vessels; in 
this process an eddy current stirs the metal and the turbulence 
thus created helps in slag-metal reactions. Since these furnaces 
can be closed with lids, air can have little access inside them tmd, 
therefore, a reducing (or oxidising) slag can be easily maintained 
according to desire. Owing to the high cost of electrical energy, 
only high grade and alloy steels are usually produced in such 
furnaces. The refractory lining may be acid or basic as in 
open-hearths. 

In basic process, the charge usually consists of scrap, lime 
and a carburiser. The refining is carried out in two stages (i) 
with oxidising slag and (//) with a reducing slag. During the oxidis- 
ing period the charge is fed, after the melt down, with ore, oxygen 
gas through lance, fluorspar, lime according to the prevailing rate 
of decarburisation and silicon-and phosphorus-contents of the 
charge. With oxygen lancing the bath gets rapidly heated to 
1, 700-1, 800°C and carbon removal increases greatly; it is very 
useful, specially when carbon level is low and decarburisation 
sluggish. Although a little of sulphur is also eliminated, the pri- 
mary purpose of the oxidising period is (i) oxidation and removal 
of mainly silicon and phos{^orus, (n) maintenance of sufficient 
carbon boil for the removal of hydrogen, good slag-metal contact, 
good heat transfer (in arc furnace). This oxidising slag is rather 
black in colour because of the presence of FeO. It is almost 
completely removed before the next stage begins. 

After draining off the first or oxidising slag, the charge is fed 
with lime, fluorspar, coke and some sand for making the reduc- 
ing slag. At the high temperature already reached at the end of 
oxidation refining, the carbon reacts with lime and forms calcium 
carbide ; 

CaO-|-3C = CaCa-fCO 

However, the carbide formed is destroyed immediately by (FeO) 
-slag : 

CaCs-fS (FeO) = CaO-|-3 [Fe] 2 CO 

This reaction continues as long as any oxygen is left in tiie metal 
since it continually diffuses out to the slag which, having been 
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(ienuded oi oxygen by the carbide, is at a lower oxygen potential. 
When oxygen transfer is almost complete, the carUde becomes 
stable and the slag assumes a greyish color. The carbide slag, 
known as white slag, can be easily recognised from the typical 
caitade smell when damped with water. SuljAur is extensively 
removed by such a slag : 

3 [S]+(CaC2)+2 (CaO) = 3 (CaS)4-2 CO 

The disadvantage of the carbide slag is that it leads to carbon 
pick-up by the metal. For producing soft steels (low carbon), 
generally ferro-silicon or ferro-aluminium are added for obtain- 
ing the reducing slag. They cause extensive reduction of 
Mn, Cr and other alloying elements from slag to metal. The 
alloying elements, mostly as ferro-alloys, are added during the 
reducing period. 

The advantages of electric steels are their low sulphur, phos- 
phorus and oxygen contents. The amount of inclusions is much 
less than in other processes because deoxidation takes place in 
the furnace itself by ‘diffusion’ and not by ‘precipitation’ with the 
help of deoxidisers which results in the formation of insoluble 
oxides. 

The acid process has limited applicability since only scrap with 
low phosphorus and sulphur can be used. The lining is made of 
silica bricks. The scrap may be melted without additions of slag 
and sand. Ore addition is not necessary before the carbon boil starts 
if the- melt down slag is fluid and dark. Manganese and silicon 
undergo the usual oxidation reactions. The vigour of the boil 
is maintained according to desire by feeding of ore until the melt 
attains the specification. 

Deoxidation 

The making of steel is an oxidation process. Therefore, some 
residual oxygen is always left in the metal after the refining is 
over. Since the solubility of oxygen decreases with falling tem- 
perature, it would separate out (as FeO), i.e. undergo an auto- 
matic deoxidation when the metal solidifies. If this oxygen is not 
kept under proper control, it leads to internal and external de- 
fects and affects the hot workability and castability of the metal. 
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The ingots may crack or break during rolling or foiging (red 
shortness). 

The oxygen is removed or kept under control by deoxidisers 
like Mn, Si, Al, Ti, Zr, which possess very great affinities for 
oxygen. The last three are generally added in the ladle whereas 
the first two in the form of ferro-alloys can be added in the fur- 
nace shortly before tap or in the ladle. The deoxidisers form 
insoluble oxides which should separate out. They cause, when 
present, inferior ductility, workability, mechanical strength, grain- 
size as well as strain-ageing. When most of the oxygen is re- 
moved we get killed steel; with insufficient removal we get semi- 
killed and rimming varieties. These are discussed in the following 
section. 

Ingot nuikii^ 

The liquid steel is poured or teemed from the teeming ladle 
from the top or from the bottom through refractory runners into 
cast iron moulds where it solidifies and is then taken out for subse- 
quent rolling or forging. 

As soon as a fully killed liquid metal comes in contact with 
the cold walls of the mould a thin skin or chill of fine-grained 
crystals is immediately formed having the same composition as 
the metal. Thereafter a new set of columnar crystals begins to 
grow towards the centre perpendicular to the mould wall and off- 
shoots from these crystals at right angles give a dendritic forma- 
tion. When the crystallisation has proceeded so far as to be 
out of the influence of the mould wall, the large numbers of nucld 
present begin to grow freely and form equi-axed crystals. Due 
to the contraction of the metal during cooling, shrinkage cavities 
known as pipes occur. For steel containing upto 1% carbon, 
the extent of shrinkage is about 11%. The pipes generally 
occur in the upper portions of the ingots since any shrinkage cavity 
in the lower portions is fed by gravity from the mother liquor 
or the rest metallic melt of the solidifying metal. The upper 
portion is generally sheared off as the pipes do not weld up 
during subsequent mechanical treatment because of aerial oxi- 
dation of the cavity surface. 

According to the laws of crystallisation, the impurities present in 
the metal should separate out as soldification jMroceeds and pro- 
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gressivdy concentrate in the rest metallic melt causing extensive 
segregation of C, Mn, S, P and others. It does not, however, 
occur in lulled ingots to any great extent. The impure melts 
adjacent to the metal crystals are entrapped in the dendritic 
network and solidify there without causing any excessive con- 
centration of the impurities in the liquid portion. The picture, 
however, changes in the case of semi-killed or rimming varieties 
where carbon-oxygen reaction causes evolution of CO gas. The 
consequent boil or effervescence disturbs the crystallisation pro- 
cess and displaces the entrapped impure liquid from the dendri- 
tic network. The displaced liquid joins the main liquid metallic 
pool which becomes progressively impure and enriched with the 
metalloids resulting in widespread segregation in the central zone. 

The freeing conditions, as narrated in the case of killed steel, 
change substantially in the case of semi-killed and rimming 
varieties where oxygen is only insufficiently removed. The car- 
bon and oxygen react when equilibrium concentrations are 
attained during freezing for the evolution of CO gas against the 
atmospheric and hydrostatic (ingot head) pressures. The gas 
evolution not only disturbs the crystal formation but some of the 
bubbles may fail to escape and form the so-called blow-holes. 
The number and position of the blow-holes in rimming ingots 
depend upon the carbon, manganese and oxygen contents since 
silicon is almost absent (cf. p. 392). Blow-holes near the sur- 
face are not desirable since they open up during the rolling and 
cause surface defects. This generally happens when the C-0 
reaction is sluggish and CO gas is entrapped in the extending 
crystal network. A good and thick solid rim is obtained if the 
gas evolution is strong enough to wash away any initial entrapped 
bubbles resulting in the desired deep-seated blow-holes. Pipes 
are more or less absent in rimming steel as the shrinkage volume 
is balanced by the total volume of the blow-holes. The blow- 
holes are less numerous in semi-killed ingots and, therefore, small 
pipes may occur. Apart from CO, the blow-holes contain hydro- 
gen as well which probably diffuses from the surrounding metal, 
when its solubility decreases as the metal freezes, into the gas 
pockets formed from CO. 

Rimming and semi-killed steel give good surface characteristics 
but show considerable segregation, more so in the former. How- 
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ever, there is less waste in discards than in the killed variety. Hie 
yield in semi-killed variety is the largest and therefore maximuni 
tonnage is made from this type. Rimming steel is generally used 
for flat products because it gives very good surface. TTie killed 
variety is good for casting and forging purposes. 

Ingot making is a subject by itself. Only a brief outline has 
been given here for its relation with the retention of CO in steel 
discussed in Chapter 12. For a detailed study and bibliography, 
the reader may refer to other sources.^'* 
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SYSTEMS OF IMPORTANCE IN STEELMAKING 

Fe 

Iron occurs in two allotropic forms viz; •< — and 5— having 
body-centred cubic and y— face-centred cubic lattice. o< — iron 
is stable upto 906°C when it is transformed into the y — form, 
y — 8 transformation occurs at 1401 °C. 8 — form exists upto 
the melting point of iron (1,535°C). There is another change 
of •<— iron at about 720“C (sometimes called (i — transformation) 
when iron loses its ferro-magnetism. This is known as Curie 
point. 

Pure iron is not useful for most of the purposes. For impart- 
ing technological properties, it is necessary to alloy the metal 
with different elements like C, Mn, Si, Cr, Ni, Mo, V, etc. 

Some elements viz : C, Mn, Ni enlarge the y — afield and some 
narrow it down viz ; Si, Cr, Mo, etc. 

Fc-0 

Steel is obtained from pig iron by the oxidation and removal 
of the impurities. Oxygen remaining in the bath or transferred 
from slag plays an important part as regards the quality of the 
finished steel. It is important to know the behaviour of oxygen 
with regard to liquid iron whether in open-hearth or in conver- 
ters or in any other steelmaking process, since the rate and 
method of supply of oxygen decide the overall rate of the proces- 
ses and the final or residual content of oxygen in the steel bath. The 
amount of inclusions in steel is intimately connected with the resi- 
dual oxygen (which is primarily responsible for the appearance 
of oxide inclusions). These inclusions deteriorate the quality of 
the steel. It is the prime motive of any steel technologist to have 
as little oxygen as possible in steel after the refining period (under, 
however, certain conditions (tescribed in Chapter 10). How- 
ever, if a ‘boil’ or ‘rim’ is necessary in ingots, a certain minimum 
amount of oxygen is absolutely necessary. 

S8 
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Temperature C 

B’lg. 3.2 — Oxygen solubility in liquid iron at various temperatures 
under pure FeO, lime saturated FeO-CaO and silica saturated 
FeO-SiOa slags. 

The fonn in which oxygen is present in iron is not fully proved 
but for our purposes it may be taken for granted that it is present 
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as IFeO] or tO] and not as any other oxide, Consideni^ hcm^ 
what has been said, it is evident that for the purpose of steel ' 
production we are concerned with that part of Fe-O |^se dia-: 
gram which deals with liquid iron under steelmaking tempera- 
tures. In Fe-O phase diagram. Fig. 3.V, the line starting at B 
has a special significance since it gives the solubility of oxygen, 
in iron as a function of temperature in jxresence of liquid FeO 
slag. Pure iron melts at 1,535°C (point A in Fig. 3,1) and 
with increasing oxygen-content the m.p. decreases along the 
liquldus line AB until the point B is reached corresponding to 
1,524°C and 0’16% — [O], If the sujqdy of oxygen is maintained 
and the temperature is increased, the liquid iron takes up more 
and more oxygen and follows the line BB' which is same in 
sense as the oxygen-solubility curve of Fetters and Chipman,* and 
Taylor and Chipman® (Fig, 3.2). At J,600°C the solubility is 
about 0.23% and at 1,700°C about 0.3%. Thus, if a sample of 
pure liquid iron at 1,600°C is treated with air or oxygen, it 
would take up oxygen until the saturation value of '-^0-23% is 
reached. Above this saturation value further aeatment with 
oxygen will lead to a separate phase of liquid FeO which, be- 
cause of the presence of a miscibility gap, separates out in another 
layer and being lighter lies above the liquid iron. As long as liquid 
metallic iron exists as a second phase in equilibrium, oxygen will 
be present as FeO and not as any other oxide. Only when the 
entire metallic iron is converted to FeO, further oxidation will 
lead to higher iron oxides. At steelmaking temperatures, i.e. in 
the neighbourhood of m.p. of iron, only FeaOi can possibly exist 
as higher oxide since Fe-jOa is unstable at these temperatures. 
The m.p. of the oxide slag increases as more and more of Fes 04 
is formed and taken up in solution, as can be clearly seen in 
Fig. 3.1. 

The above becomes clearer from the consideration of Fig 3.3 
(a)“ & (b). Fig. (a) depicts the relationship between the oxygen 
pressures of various phases of the iron-oxygen system at different 
temperatures. These can be obtained from the free energy equa- 
tions of different iron oxides at different temperatures, e.g. 

4 Fe804-f-02— 6 Fe 203 

£iG°=RT In P 2 O = — 119,250+67-25 T 3.1 



Ony^en in iron jter cent 
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•c 



Log POz 

Fig, 3.3-— (fl) Oxygen pressure of iron oxides and oxygen dissolved 
in iron at various temperatures. Activity of iron is also shown.* 



Oxygen Pressure In Atmospheres 

Fig. 3.3— (6) Amount of oxygen dissolved in liquid iron at various 
temperatures and pressures of oxygen (calculated)^ 
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from wheie at any temperature can be calculated. Fig. (b>. 
shows the P 02 equilibrium with varying amounts of oxygeit 
in liquid iron at 1,550°, 1,600° and 1,650°C. These again can be 
calculated from the free energy of dissolution of oxygen in iron. 
According to Dastur and Chipanan,’' 

1/2 02=%[0] : AG°= — 27,930-0-57 T 3.2 


log K= — AG°/f?r=6,100/r+0125 

from where po* different % [O] at various temperatures can be 
calculated. In this figure the solubility limits are also shown. 
It is clear from here that any atmosphere having oxygen pn-essure 
of more than about 10 -* atm would be oxidising to iron and ulti- 
mately saturate it with the formation of oxide. Fig. (a) shows 
the different phases which would ultimately be reached in such, 
an oxidising atmosphere. At 1,550°C an oxygen pressure of 
more than about 10 '® atm. would convert oxygen-saturated 
liquid iron completely into liquid iron oxide; whereas, if oxygen 
pressure is in excess of about 10 '^ atm., solid magnetite (Fe 304 > 
will be formed. 

The free energies of formation of various iron oxides are given 
below : ® 

2 Fe-|- 02=2 FeO : AG° (298°— 1,642 °K)= 

—124,100+29-90 T 3.5 

AG° (1,642°— 1,808 °K) = -103,950+17-71 T 

AG° (1,808°— 2,000°K) = —111,250+21-67 T 

6 FeO+Oa = 2 Fe .,04 : AG° (298°— 1,642°K)= 

149,250+59 -80 r 3.+ 


4 Fe304+02=6 FeaOa ; AG° (298°— 1,460°K)= 

119,250+67-25 T 3.5 
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The oxygen-pressures at steelmaking temperatures are : ^ 


, 


POa in atm. at ’C 



1500 

1550 

1600 

1650 

2 FeO(/)=2 Fe(04-O. 

1-07.10^ 

2-46.10'® 

5-46.10-* 

1-2.10-* 

2 Fe,0,=6 FeOW+O. 

4-68.10-* 

1-48.10'* 

4-46.l0-‘ 

l-23.10-‘ 

6 Fea03=::4 FCaOi-f-Oa 

1-0 

1-5 

605 

13-8 


The experimental work for finding the solubility of oxygen in 
iron was undertaken by Herty® and Korber & Oelsen.^® They used 
MgO crucible for the melt and the results are not reliable since 

MgO reacts with FeO. Taylor and Chipman^** have used rotating 

crucibles where FeO-slag is not allowed to come in contact with 
the vessel. They give the following solubility equation : 

log [O] max=: —6,320/7+2-734 3.6 

The maximum solubility of oxygen in iron is exhibited when it 
is in equilibrium with a slag of pure FeO at any given tempera- 
ture. If the slag is diluted by other oxides the amount of dis- 
solved oxygen would vary. It will be proportional to the mol 
fraction of FeO if the latter behaves ideally in the slag system. 
Since oxygen in iron is delivered only by (FeO) -slag the Nemst 
distribution law will hold good and will take the following form : 

LpeO = (FeO)/ [O] 3.7 

where (FeO) is calculated in mol fraction from the total iron 
content of slag and [O] is the oxygen in metal as found from ana- 
lysis, LpeO ^ constant for all slags provided (FeO) behaves 
ideally and is only dependent upon the temperature. Korber and 
Oelsen^' give the value of as 4-75 at 1,600®C for iron 

melt under acid slag (Fe0-Mn0-Si02). This has been further 
dealt with on p. 153. Schenck^® recommends the use of the 
constant provided FeO in slag is presumed to be present as ‘free’ 
or in an uncombined state (cf. chap. IV). 
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In slags wbete FeO does not behave ideally the distribution 
constant becomes variable. Liquid iron under a silica-satura^ 
Fe0-Si02 slag with about 50% FeO or 39% total iron dissolves 
0-09% [O] at 1,530°C and 0-13% at 1,700°C. The temperature 
function of the solubility is given by 

log [Ol = — 6,120/r + 2-212 3.8 

In case of basic slag, e.g. lime-saturated FeO-CaO system with 
38% CaO the rest being di- and tri-valent iron with about 44% 
total iron, the O-contents of iron are almost the same as under 
the acid slag. The temperature function is given by^ : 

log lO] = — 4,030/r -f- 1 -13 3.9 

It can be seen from Fig 3.2 that although the iron-contents are 
very different, the oxygen contents are almost identical. They 
are, however, much less than in case of melts under pure (FeO) 
-slag. 

The amount of dissolved oxygen will vary, not in proportion 
to the mol. fraction of FeO but rather according to the iron oxide 
activity of the slag. Such an activity is the ratio of actual amount 
of oxygen in iron under the slag to that of maximum oxygen 
under pure FeO at the given temperature derived from Eq. 3.6. 
As for example, the maximum solubility at 1 ,6()0°C from Eq. 3.6 
is 0-23%. If 0-115% of oxygen is found by analysis under a 
given slag, then the activity of FeO in slag is : 

«FeO = 0-115/0-23 = 0-5 3.9a 

For pure FeO, the activity is naturally unity. Such activity 
curves of slags are given at various places in the book. In fact, 
iron oxide activity corresponds to oxygen pressure but the former 
is more convenient to use. Conversion of the activity into oxy- 
gen pressure is simple : 

PO„ [O] = opeo. Po^ 

POo for FeO at 1,600“C = 5 -46.10-* 

•‘•PO 2 fOl = 0 5.5-46.10-»= 2-73.10-* 
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Oxygen dissolved in steel behaves ideally upto the saturation 
limit. It obeys Henry’s law and therefore oxygen activity term 
in any equilibriipi reaction can be replaced by weight per cent 
of dissolved oxygen. Recently, however, it has been reported 
that there is a slight variation of the activity coefficient of oxygen 
with concentration (cf. p. 127). 

Fe-C--0 

The solubility of oxygen in liquid iron given in the preceding 
section concerns only ^ pure Fe-O system. In the presence of 
a slight amount of carbon of the order of 0-01% or so, the system 
becomes unstable and oxidation of carbon starts forming CO and 
COg. The reaction wUl continue until either carbon is com- 
pletely oxidised away by the FeO-slag in which case the system 
will follow thereafter as in previous section or the entire FeO-slag 
will disappear leaving an atmosphere of CO and CO 2 in equili- 
brium. The following are the possible equilibria : 

[C]-l-[0]=C0(g) : AG°- —S,510—T 52 T 3.10 

log li:=log Pco/(%[C]-%IOl)=1.860/r+l-643 

Usually the equation is referred to as, %[CI.%[0]=m.pQo 

3.10a 


At Pqq =1 atm and at 1,600°C, m=0'0025 

[0]-fC0=C02 : AG^= -38,050-1-20 -72 T 3.11 
log K = log Pc02 /([0].PcQ)=8,316/r— 4-53 
(c)w [C1-+-C02=200 ; AG'’=33,300— 30-40 T 3.12 
log K = log -P^/([C1.'PC02)= — 7,280/r-l-6-65 

In steelmaking, the reaction of carbon and oxygen takes place 
in the bath and therefore follows equation (a) which is a function 
of CO-pressure only. The partial pressure of CO 2 under steel- 
making conditions is small and constant. One may therefore 
neglect equations (h) and (c) so far as decarburisation of steel 

5 
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bath is concerned. The percentages of C02 in the equilibrium 
gas at one atmosphere at 1,600° and 1,650°C are given in 
Table 3.1.“ 



Fig. 3.4 — Carbon & oxygen equilibrium relations at high 
pressures at 1,600’C (J. Chipman, Basic Openhearth 
Steel-making, AIME, Copyright 1951). 



Ffe 3.5— Variations of m=%[C]%[0] with [C] in the 
laboratory at different temperatures as well as in 
the openhearth. 

The C-O equilibrium has been the subject of numerous inves> 
tigations.“’i<-“ The value of Vacher and Hamilton, “ [C].[0]= 
O' 0025 at Pqq = 1 atm and 1,600'’C is accepted by most as 
applicable to steelmaking. Schenck et and Marshall and 
Chipman” suggest that the product of C and O is not a constant 
and increases with increase of carbon. There is also a slight but 
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not negUgible temperatuie-fimction of the product. The ehang e 
in the activity co-efficients of [C] and [O] and in the values of 
%{C].%[0] at 1 atm of OO-fCX)* for l.eOO'’ and 1,650®C are 
^ven in Table 3.1. Since the equilibrium {Moduct is again a func- 
tion of pQQ -pressure^ the product will increase • or decrease 
according as Pqq is above or below 1 atm. Fig. 3.4 shows the 
influence of hi^ pressures on the equilibrium as found by Mar- 
shall and Cliipman in their laboratory experiments. 


TABLE— 3.1 


%c 

D 

D 

% [Cl % [O].10* 
CO-fCOj=I aim 

%CO> in equilibrium 
gas^l atm 

1,600*C 

1,050*C 

1,600“C 

1.650X 

0-01 

100 

1-00 

1-98 

2-16 

14-0 

11-9 

002 

0-99 

1-00 

2-12 

2*29 

8-0 

6-7 

oos 

0*97 

1-00 

2-29 

2-45 

3-5 

2-9 

0-10 

0-94 

1-01 

2*38 

2-54 

1-8 

1-5 

0-20 

0-88 

103 

2-50 

2-67 

0-9 

0-7 

0-50 

0-74 

MO 

2-81 

3-05 



100 

0-55 

1-23 

3-40 

3*63 



2-00 

0-30 

1-70 

4-50 

4-80 




Eq. (a) above when converted into wt. % takes the following 
form :** 


log (%[C].%tO])/pco=log Ji:^+0-22% [C]-f-0-315%[0] 

3.13 

According to Elliott, the equilibrium oxygen increases greatly 
above about 2% C, as shown in Fig. 8.14. Fig. 3.5 obtained from 
the same equation shows the variations of /n=%[C].%[0] with 
carbon at 4 different temperatures. This figure also includes 
m in open-hearth practice. 

The equilibrium curve of Vacher and Hamilton and also other 
such curves at various pressures are drawn in I^g. 3.6. The 
curves for Pqq =1 • 1 atm or p^q =0'45 atm are of special sig- 
nificance since according to Schenck they are the pressures at 
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which carbon monoxide is evolved from the steel bath with slag 
cover (ferro-static pressure) under normal operation of open-hearth 
and bottom-blown converter processes. In the latter process the 
Pco is low because of dilution by the aerial nitrogen. 



Fig. 3.6 — Carbon-oxygen equilibrium relations at low 
pressures and at 1,600‘'C. 

From Eq. 3.10a it is clear that the solubility of oxygen in iron 
is greatly lowered in the presence of carbon, e.g. at the 

oxygen solubility is 0 05% at 0 05% C, 0 025% at 0-1% C, 
0’01% at 0’25% C and 0’005% at 0‘5% C and so on. These 
may be compared with 0-23% [O] at 1,600°C in carbon-free melts. 
The oxygen will be less, as mentioned before, where Pco is less 
than 1 atm. e.g. in converter or when subjected to vacuum. If 
oxygen in pure form or in mixture, as in air, is brought to react 
with an iron-carbon alloy, the oxygen will react until equilibrium 
with [C] is reached which is dependent on the partial pressure of 
CO in or over the bath. Therefore it is not the same if pure 
or mixed oxygen is used, or the bath depth is high or low. Of 
course, the reaction [C]+ 02 =C 02 must be taken into account 
and it is possible that such a reaction affects certain carbon- 
oxygen calculations (see p. 212). 
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As regards the ferro-static pressure in steel bath, as mentioned 
before, Schenck®® has calculated that in a bath of depth 0.6 — 

0- 75 m and slag layer of 0-3 — 0-4 m, such a pressure is about 

1- 3 atm. Further calculations, taking COg into account, gives p qq 
=!•! atm. in open-hearth. In case of bottom blown conver- 
ters, assuming that aerial oxygen is completely transformed to CO, 
although the total gas pressure is 1 • 3 atm. yet Pqq is maximum 
of about 0-45 atm. From Fig. 3.6, for C — O equilibrium curve 
at 0'45 atm, the oxygen content of liquid iron is about 0-002% 
at 0-5 — 0-6% C or above. The C — O equilibrium above 0-4%C, 
however, behaves abnormally in steel bath. At higher carbon 
contents the product m gives higher values. An increasing tempe- 
rature also gives higher values. In both the latter cases, the 
oxygen-content will increase for a given carbon-content (Fig. 3.5). 

Fig. 3.32 serves as a theoretical basis for deoxidation of steel 
under vacuum and without the use of metallic deoxidisers. Steel 
containing 0-1% C at 1 atm. and 1,600°C would have an equili- 
brium oxygen content of 0-025%. At the same C-content and 
at 0-01 atm. equilibrium pressure, the new oxygen level would be 
0-00025, which is about 100 times less. If a potent deoxidiser 
like aluminium is used, 0-1% A1 would be in equilibrium with 
0-0025% [O], which is only 10 times less. Although vacuum 
deoxidation by carbon is superior theoretically, it is handica^^d 
by the almost prohibitive cost of such a process and also by the 
fact that since the product of deoxidation is a gas (CO) the 
nucleation of CO bubbles may be inhibited. The forces of sur- 
face tension of steel and capillary over-pressure, etc. come into 
{day (see p. 188). 

It is clear from Fig. 3.6 that at any temperature, as the oxida- 
tion of carbon proceeds, the oxygen-content increases as carbon 
falls. As for example, at 1,6(X)°C during oxidation by air 
(Pqq =0-45 atm.), the oxygen content is 0-005% at about 
0-20% C and 0-01% at about 0-10% C. Oxidation by pure 
oxygen or for pure C— O reaction as in open-hearth where Pco 
=1 -3 atm., the values are 0-005% for 0-65% C and 0-01% for 
0-32% C. In case of open-hearth, as we will see later, the rate 
of decarbuiisation and the metal oxygen are inter-related. As the 
oxygen supply increases, the rate of decarburisation also increases. 
For a given carbon content the oxygen content increases in a sense 
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proportional to decarborisation rate which is equivalent to CO 
evolution unddr increased ivessure. According to Oelsen, GO* 
evolution is a physical process and depends on the facilities avul- 
able for bubble-formation which ^uld decide the reaction rate. 
This postulation has led to a great controversy. The subject has 
been handled in detail in Chapter 5. 

Steel is made in furnaces or vessels with refractory 
linings. These refractories contain highly stable oxides like 
AI 2 O 8 , Si02, MgO, CaO, etc. Since the carbon in steel is in a 
dilute solution and since the oxygen dissociation pressures of these 
oxides are low even at very high temperatures, it is improbable 
that carbon will react with these refractory materials. But 
oxygen present in steel as FeO may be able to ‘flux’ these oxides. 
From Figs. 3.40 & 3.41, the phase diagrams of FeO and the above 
oxide systems, it is easy to find out the percentages of FeO that 
will form a liquidus with the oxides at steelmaking temperatures, 
e.g. at 1,700“C 94% FeO will be necessary for the liquefaction 
of MgO. Since (FeO)-slag is related to oxygen-content of iron, 
it can be calculated how high should the [0]-content be in order 
to furnish enough FeO in the slag for the liquefaction. From 
Eq. 3.6, [O] (max) under pure FeO-slag can be found out from the 
temperature function. A rough estimate can be made of the 
amount of oxygen that must be present in iron in order to furnish 
a certain (FeO)-content of slag, by simple proportionality cal- 
culations. As for example, at 1,700‘*C, [O] (max) =0-28% 
for 100% (FeO). For 94% (FeO), [O] = 0-28.94|100 = 
0'26%. (Such estimations are extremely approximate and the 
results may vary widely from the actual, since, as we have already 
indicated, the oxygen in steel depends upon upeO oot on 
the amount of the slag oxide). For the presence of such a high 
oxygen in iron, the amount of dissolved carbon must be extre- 
mely small; such high iron-content of slag is never attained in 
practice. Carbon is a very strong reducing agent and it never 
allows such a high build-up of FeO in the slag as long as it is 
present in any significant amount. 

Even under reduced pressures, e.g. in the converters, this 
is impossible. Hie same argument applies to other linings like 
Si02, AUOs, etc. Fig. 3.7®‘ gives the relation of [C] and FeO 
in acid tmd basic slags. The increasing (FeO) -slag, in equilibrium 
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with a given [C], with increase in basicity is due to the fact that 
he OFeO decreases above a lime-silica ratio of 2-7 (cf. Fig. 4.5). 

It may not be irrelevant here to discuss the oxygen pressure 
in carbon-containing liquid iron and the CO 2 /CO ratio in equili- 
brium with it. For CO 2 /CO ratio the relevant equation is given 
by Eq. 3.12. The equation for oxygen pressure is*® 

%[C]+K)2=C0 : AG° = —33,500— 10- 15 T 3.14 
^=Pco '(%[C] Pjo2 ) : log X = 7,320/7+2-22 

The relation obtained from these equations are shown in Fig. 
3.8 for various total pressures CO+CO 2 in atmospheres. Below 
the oxygen pressure po, .10'® the curves are as well valid for 
pressures of CO only since PcOj is negligible. Above the said 
oxygen pressure, pco^ starts being significant in the gas phase 
and as a consequence these curves shift slightly towards the left. 

It is interesting to note the great reduction of oxygen potential 
from oxygen saturation to 2% C at 1,600‘’C. The oxygen pres- 
sure decreases about 10® times as can be seen from the figure. 


c-o** 


There can be four possible reactions in this system : 

(a) 2 C+O 2 — 2 CO : Afi (298‘’K) = —26,400 cal 

; AG° (298‘’-2,500‘’K) = —53,400— 

41-90 T 

(b) C+O 2 =- CO 2 ; AH (298°K) = —94,050 cal 

; AG° (298'’-2,500°K) = —94,200— 

0-20 T 


(c) 2 CO+O 2 2 CO 2 : AH (298<’K) = —67,650 cal 

AG° (298<’-2,500'’K) = —135,100+ 

41-50 T 


log K,=log p®co./(P* CO -Po, >=29,500/7-9- 1 
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(d) CO 2 +C — 2 CO ; Aff (298'’K) = 41,250 cal 

: (298°-2,273°K)=40,800— 

41-7 r 

when excess of carbon is present, its activity may be assumed to 
be constant. The reaction is also a function of pressure. If the 
total pressure is P and x mol. fraction of CO is formed, then 

Pco. = P P“co=^-^“ 

Therefore, Ki =P*co /(PcX). ^c)=P-x^/i^—x) 

where log Kj = —8,920/7+9 12 

Fe — Mn — O 

2 Mn+Oa = 2 MnO : AG” (298°-l,500‘>K) = —183,900+ 

34-63 T 

m.p. ofMn=1493°K : AG“ (l,500°-2,05rK)= —190,800+ 

39-25 T 

: G° {2,150'’-2,200°K)=— 162,200+ 

25-25 T 

Manganese has always been thought by steelmakers as of 
importance for the steel quality. Since it is a costly metal its 
removal in the slag is also of importance. The oxidation of 
manganese in liquid iron may lead to FeO — ^MnO solid solution 
or FeO — ^MnO liquid slag. It is worthwhile to mention here that 
FeO & MnO are completely miscible in solid as well as liquid 
solution and they behave ideally in such solution (see Fig. 3.40a). 
The oxidation reaction can be written as 

[Mn]+(FeO)=(MnO)+[Fe] 3.15 

jCMn = %(MnO)/(%(FeO).%[Mnl) 3.16 

Fe is large compared to manganese and therefore a constant 
Included in Kj^^- Percentages are used because MnO and FeO 
behave ideally and since the mol. wt. of Fe and Mn are similar. 
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it is immaterial whether mol. % or wt. % is taken. Here, 
although manganese is oxidised by dissolved oxygen yet- since 
the latter is related to slag (FeO), the equaticm above will hcdd 
true. The systems has been in- 

vestigated by numerous workers. Chipman, Gero and Winkler** 
give the temperature-function of the constant as 

log =6.440/7—2-95 3.17 

Recently the following equation has been suggested 

logRMn =7,110/7—3-375 3.17a 

From Eq. 3.16 the Mn-content of iron at any temperature is de- 
pendent only on the MnO/FeO ratio and not on their absolute 
values. Therefore, any dilution of the FeO-MnO slag by any 
component or components which do not affect their ideality will 
not affect the [Mn] values. But, of course, such a dilution will 
enable manganese oxidation by a lower oxygen-content of iron. 
Again, the ratio of manganese in slag and iron expressed by 
(MnO)/[Mn] depends upon (FeO) and, therefore, on &e oxygen- 
content of iron. In view of the cost of the metal it must be 
noted that these concentrations are in wt. %; they are not ab- 
solute values. The actual quantities of manganese in iron and 
slag depend upon the total weight of steel bath and slag. This 
should be taken into consideration in open-hearth where the slag 
is continuously changing. 

The relationship between [Mn] and [O] in liquid iron at various 
temperatures is shown in Fig. 3.9.*'' It is qualitatively similar 
to that of Kdrber and Oelsen but based on recent data. Eq. 
3.19 used for the calculation has been derived from a combma- 
tion of Eqs. 3.6 and 3.17. 

[Mn]-f-[OJ = (MnO) in (FeO) 3.18 

log«:=log (MnO)/(%[Mn].%[0]) = 12,760/7—5-68 3.19 

Strictly speaking, the isothermals in the figure are valid for the 
range of liquid oxides (Zone 1). 2k)ne II is the field of exis- 
tence of liquid iron and solid FeO-MnO sdution. The de- 
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oxidation curves can be extended into this field from calculations 
based on FeO-MnO phase diagram (Fig. 3.40a). In zone III, 
both iron and FeO-MnO are solid. 



Fig. 3.9 — ^Relationship between manganese and oxygen in 
pure liquid iron at different temperatures. Zone I» liquid 
iron & liquid FeO MnO ; zone II, liquid iron & solid 
FeO-MnO ; zone III, solid iron & solid FeO-MnO. 
(H. Schenck, N. G. Schmahl & A. K. Biswas, Archiv f. d, 
Eisenhuettenwescn, 28, 1957, 520). 



Fig. 3.10 — ^Relation between (MnO)/(FeO) in slag & Mn 
in metal at various temperatures. 




76 


PRINCIPLES OF STEELMAKINO 


The [O] content decreases with increase in [Mn] but compared 
to C, Si A1 equilibria the oxygen is rather high. At 1,600“C and 
O' 4% Mn, it is r-'0'l%. Such a high oxygen is ordinarily not 
present in steel, except perhaps in very low carbon variety under 
highly oxidising slag. The affinity of Mn for oxygen is not great 
and, therefore, it is a weak deoxidiser. Fig. 3.9, however, has 
importance in the deoxidation (by precipitation) of steel. The 
metal composition, which almost invariably lies in zone III, is 
such that Mn-O reaction can take place only after the solidifica- 
tion starts. As steel starts freezing, more or less pure crystals 
of iron separate out initially and the rest metallic melt becomes 
progressively enriched in both manganese and oxygen. Any melt 
having initial composition on the ri^t of line AM would become 
strongly enriched in Mn together with separation of solid FeO- 
MnO as shown by the direction of the arrow. Any composition 
between AQ and AM will initially form solid oxides and on 
reaching Q the separation of liquid oxides starts. Left of AQ 
would always lead to liquid oxides. The point M has been cal- 
culated from fractional crystallisation considerations. 

While deoxidation by manganese is important especially for the 
rimming steel, the practically melt always contains some carbon. 
Therefore, it is proper to consider the Fe-Mn-O-C system which 
has been discussed in the next section. 

From Eqs. 3.16 and 3.17, the ratio of the deoxidation products 
(MnO / (FeO) is a linear function of [Mn] as shown by the iso- 
thermals in Fig. 3.10. The dotted portions represent the theo- 
retical values because of separation of solid oxides. 

From the figure, the manganese-content of slag increases, 
the higher the manganese present in metal. The influence of 
tmnperature is also clear, e.g. say at 1,650°C and 1% Mn, the 
ratio (MNO) /(FeO) =2 -5. As temperature decreases, the ratio 
increases or in other words more of Mn goes into slag. Increase 
of temperature has the opposite effect, i.e. manganese reverts 
from slag to metal. This reversal of Mn in basic open-hearth 
process is a sign that the bath is getting hotter and reaching tap- 
ping heat. Further, if at any temperature (MnO) exceeds a 
certain value then solid FeO-MnO instead of liquid will separate 
out. As for example, such a case will occur, say, at 1,650®C at 
0-8% Mn and MnO/FeO=2 0. 
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Fe-Mtu-C—O 

It is necessary for an understanding the manganese-oxygen 
equilibrium to know how it behaves in the presence of carbon. 
The latter element is invariably present in steel, however small the 
amount may be. The equilibrium relation between the carbon 
and manganese in iron can be found out by interrelating Figs. 
3.6, 3.9 & 3.10 for p^Q = ^ ®tm. Such a relation as given 
in Fig. 3.11 in fact depicts the amount of each that will undergo 
simultaneous oxidation on introduction of oxygen in Fe-Mn-G 
alloys. The calculations, however, do not take into account the 
influence of each of the elements on the activity of the others 
or of the simultaneous atomic interactions amongst each other. 
From Fig. 3.11, 0-02 — 0-04% carbon is in general equivalent 
to about 1-2% Mn in iron at 1,700°C, i.e. the affinity of manga- 
nese for oxygen is much less than that of carbon. The higher 
the temperature the lower becomes the affinity of Mn for oxygen, 
whereas that of carbon remains almost same because of the negli- 
gible temperature co-efficient of Eq. 3.10. As an example, at 
1,600®C with 1 -0% Mn, an iron-carbon-manganese alloy can be 
oxidised to a carbon-content of 0-04% before oxygen starts its 
action on Mn. At 1,700°C the same alloy can be decarburised 
to a value 0-025%C. If such an oxidation takes place at low 
pressures or in the bottom-blown converters iPco ~ 0*45 atm.) 
the corresponding %[C] will be still lower. 

The equilibrium oxygen in Fe-Mn-O system becomes less if 
the MnO formed gets diluted, or its activity lowered by compound 
formation. As such, if during the oxidation, there occurs a dilu- 
tion e.g. by the fluxing of the refractories, then a manganese oxi- 
dation can take place even at low oxygen levels caused by the 
presence of carbon. Manganese will eventually distribute itself 
between the slag and metal. Fig. 3.12 shows the relation bet- 
ween %[C] and (MnO)/[Mn]. The higher the [C] the lower is 
the ratio which means that the carbon in steel bath inhibits the 
oxidation and slagging of manganese. 

The Fe-Mn-C-O system assumes great importance in rimming 
steels. The rimming action and the formation of liquid or solid 
FeO-MNO slag in ingots depend upon the [Mn], [C] & [O] 
contents. 
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The a£5mty of manganese for oxygen is not great. Carbon 
has much greater affinity and, therefore, as long as sufficient car- 
bon is i»esent the [Ol-content is determined not by manganese but 
by carton. Only in case of rimming steels where carbon is very 
low, is there an aj^roach to an equilibrium relation between Mn 
and O after pouring in the casting ladle. C-O reaction in the 
ladle is inhibited by the lack of nucleation facilities for CO- 
evolution. 
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Fig. 3.13 — ^The deoxidising action of carbon & manganese 
at different ingot depths at 1500* C. (K. Kupzog, 
R Hammer & H. Rellermeycr, Stahl und Eisen, 
82, 1962, 396). 
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The significance of Mn and C contents in rimming varieties 
becomes apparent only when the steel is poured into ingot moulds. 
These are the two foreign elements which take part in the reac- 
tion with oxygen. As the metal in ingots starts freezing, more 
or less pure crystals of iron begin to separate out and the liquid 
portion or the rest metallic melt becomes progressively enriched 
in Mn, C and O. Carbon and manganese will react as soon as 
oxygen in the metal exceeds the corresponding equilibrium values. 
The iron crystals act as nuclei for the CO-evolution ; whereas, the 
C-O reaction is inhibited by the ferrostatic pressure of the ingot 
head. The equilibrium [C] & [O] contents at the depth of 0 m, 
1 m, and 2 m (equivalent to 1 atm., 1 -7 atm. and 2-4 atm. res- 
pectively) are shown for 1,500°C in Fig. 3.13.“® It can be seen 
that for the same C, there is considerable oxygen build-up at 
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higher pressures, i.e. with increasing ingot depth. With progres- 
sive enrichment of the residual melt in these elements, CO will 
evolve when [O] exceeds the equilibrium value, which depends on 
the extent of ferrostatic pressure. If the simultaneously increas- 
ing [Mn]-concentration exceeds the equilibrium value with respect 
to oxygen before the conditions necessary for carbon boil or the 
so-called rimming action are reached, then the C-reaction will 
not occur and manganese will react with oxygen to form liquid 
or solid deoxidation products according to the proportion of 
MnO : FeO, as given in Figs. 3.10 and 3.40a. That is why most 
of the ingot slags originate at the bottom where manganese is 
in a more favourable position than carbon to act as a deoxidising 
agent. 

The above is made clear from Fig. 3.13. Here the equilibrium 
isotherms of carbon reaction at three different pressures (as men- 
tioned above) are drawn for 1,500°C together with those for 
manganese. One can now deduce the concentrations and ingot 
depths at which the Mn-deoxidation may affect the carbon reaction. 
In the liquid portion of the solidifying ingot for manganese con- 
tent of 0-35%, the carbon should be more than 0-04% in order 
that steel may rim from the beginning. For the same Mn and 
at a depth of 1 m (i.e. 1 -7 atm. pressure), C should be above' 
0-06% for the rim; at lower C, deoxidation will be effected by the 
manganese. The ingot slag can be avoided, even at the bottom 
if C exceeds 0 09%, so that the C-O reaction may precede man- 
ganese deoxidation reaction. 

Si (/) +02 = SiOa (s) : AG° = —217,700+47 or 
m.p. of Si & Si02 = 1,700° & 1,986°K respectively. 

In any experiment dealing with the oxidation of silicon alone 
in iron the container which holds the liquid iron-silicon alloy 
must be of pure silica; any other refractory would corrode and 
dilute the slag, Fe 0 -Si 02 , formed during oxidation, with foreign 
matter. As with manganese and carbon, the presence of silicon 
lowers the solubility of oxygen in iron. The Fe-Si-O equilibrium 
ii given by : 
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[Si] + 2[01 = (SiOa) 3.20 

or [Si]+2 FeO = (Si08)+2[Fe] 3.21 

Since the slag is saturated with silica its activity may be taken 
as constant. The temperature functions of the respective equili- 
brium constants are^’ : 

log Ksi = log [0]2.[Si]= —19,050/7+5 -750 3.22 

log K'si =log (a*FeO [Si])= —6.410/7+0-0282 3.23 

It is worthwhile to mention here that the oxygen-content of 
pure liquid iron under silica-saturated FeO-Si 03 slag is only a 
function of temperature, 

log % [0]= -6,120/7+2-212 3.24 

Therefore, the amount of silicon present in iron under the same 
slag will also be a function of temperature only, given by : 

log % ISi]= -6,810/7+1-326 3.25 

If iron contains more silicon at any temperature than given by 
the above equation, solid silica will separate out. 

Fig. 3.41 is a FeO-SiOa phase diagram where the saturation line 
shown is different from that of Bowen and Shairer. The figure 
shows that the saturation line deviates only slightly from vertical 
and, therefore, the saturation values do not change consider- 
ably with temperature, e.g. about 2-3% at steelmaking tem- 
peratures. 

The isothermals of silicon-oxygen reactions are shown in 
Fig. 3.14. The equilibrium relations show that for 1% Si in 
iron, the corresponding oxygen is 0-006% and for 0-20% Si the 
oxygen is 0-014% at 1,600°C. The curves become steeper 
afterwards and the equilibrium oxygen values rise steeply with 
decrease of silicon. Fig. 3.15 is an enlargement of Fig. 3.14 at 
low silicon contents. Here a line is drawn which shows the zone 
of existence of solid silica and liquid iron silicate. At 1600°C a 
liquid iron silicate will form only if silicon concentration lies below 
about 0-005%. Above it, only solid silica will always separate 
out. Only when Si<0-005%, Aere will be enough oxygen in the 
metal that will furnish FeO for the liquefaction of Si02. But the 

6 
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Fig. 3.14 — ^Equilibrium between oxygen & silicon dissolved 
in liquid iron at different temperatures. Fe-Si-0 system. 



slag will remain saturated with silica, the container supplying the 
necessary Si02 for the saturation. 

The behaviour of the isothermals with regard to temperature 
is similar to that of manganese. That is, they shift upwards with 
temperature which means, for a given Si, more of oxygen wiD 
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be in iron the higher the temperature or for a given oxygen more 
silicon can exist in equilibrium without forming any slag. The 
maximum silicon value for the formation of liquid silicate will 
also increase, e.g. about 0*0075% Si at 1,700®C. 



Fig. 3.16 — Equilibria between carbon & oxygen as well 
as between silicon & oxygen in liquid iron at different 
temperatures and partial pressures of earbon monoxide. 


Fe^Si-C-0^* * 

It is apparent that during the oxidation of Fe-Si-C alloy under equi- 
librium conditions, the equilibrium reactions Fe-Si-O and Fe-C-O 
themselves must be in equilibrium. A pre-condition must, how- 
ever, be that the presence of carbon and silicon do not affect their 
relations with oxygen, i.e. they do not affect or influence their 
own activities or the activities of iron and oxygen other than those 
in their respective systems. Under such conditions the oxidation 
of carbon and silicon will take place independent of the phases 
of the other system (carbon reaction gives CO-gas phase and 

**In this section, the elements Fe, Si, C & O, where they are not inside 
the bracket [ ], mean they are in solution in steel. 
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silicon reaction gives liquid or solid slag). Figs. 3.16 and 3.17 
give their relations with respect to oxygen and to themselves res- 
pectively. The values for carbon for pqq =0-45 and 1-3 atm, 
are also given to correspond with converter and open-hearth 
practice. From Fig. 3.16, at 1600°C and Pco=^ 

C corresponds to 0 005% O and 0-5% Si to 0 009% O. In 
this case, carbon determines the oxygen-content of iron. Oxida- 
tion of such an alloy leads to carbon reaction first till it is reduced 
to 0*28% C=0'009% O. Further oxidation will mean simul- 
taneous reaction of both and will follow the corresponding curve 
in Fig. 3.17, on the assumption that the temperature remains con- 
stant. In practice, however, specially in converters, the tempera- 
ture increases continuously and, therefore, the C-Si-O equilibrium 
relation must change accordingly. It is easy to follow the tda- 
tion between C & Si from this figure. If, for given temperature. 
Si-content and Pqq , the C-content lies above the respective curve, 
then an introduction of oxygen in the system (through slag in 
open-hearth or through air or oxygen in converters) will lead to 
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decarburisation until the curve is reached, Si remaining the same. 
Thereafter, the oxidation of C and Si will be simultaneous, their 
contents at any instant being given by the respective co-ordinates. 
If the C-content lies below the line, the Si undergoes oxidation at 
first and when its concentration reaches the point on the line cor- 
responding to the C-content, both start being oxidised simul- 
taneously. 

As mentioned before, the temperature function of C-O reaction 
is small. But the influence of temperature on Si-O equilibrium is 
very strong. From Figs. 3.16 and 3.17 it is clear that higher 
the temperature the more stable is silicon against oxidation. In 
other words, for any given C-& Si-contents, the oxidation of silicon 
will start earlier at lower temperature than at higher one. This 
phenomenon has great practical significance in Bessemer con- 
verter. If iron is hot and contains much of silicon, its oxidation 
will raise the temperature of the bath greatly, the result being a 
stage will be reached where decarburisation will start before 
complete desiliconisation. At the end of the heat some silicon 
will be left in the bath which will be a burden in open-hearth where 
duplexing is in vogue. If the partial pressure of CO is low as in 
converters, it will act in the same sense as increase of temperature 
and, therefore, desiliconisation will be suppressed as compared to 
decarburisation. 


FeSi-Mn-0 * 

This system is of supreme importance not only in the production 
of acid steel but also in the deoxidation of finished liquid steel 
and separation and removal of the insoluble silicates. It is inten- 
ded, therefore, to treat this system in detail as we have to refer 
to this system frequently when dealing with acid steelmaking and 
deoxidation. We have already considered the relations between 
Mn or Si and oxygen separately while discussing the equilibria 
of the Fe-Mn-O and Fe-Si-O systems. It has been found experi- 
mentally and corroborated by many,®’®®-’’’* that the oxygen content 
of iron in presence of Mn and Si in equilibrium is much less than 
that when Mn or Si are present alone. This is probably because 
of a decrease in the activity of slag MnO, which is bound 

* In this section, the elements Fe, Mn, Si, & O, where they are not 
inside the bracket[ ], mean they a-e in solution in steel. 
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Strongly as silicate. This system was studied extensively by 
Korber and Oelsen.®® Although the oxygen-contents found by 
them are rather on the high side, this work enables one to grasp 
the simultaneous action of Mn and Si on oxygen in iron and vice 
versa, 

A knowledge of the acid slag system Fe0-Mn0-Si02 is neces- 
sary for understanding the treatment in this section. From 
Fig. 3.19a the solubility limit of Si02 for pure FeO-MnO-SiOa 
slag is about 50%-SiOo. At this limit the slag is very viscous. 
The viscosity decreases as the % Si02 decreases below the limit. 
If Si02 is added to an already silica-saturated (line a-b) FeO- 
MnO slag it does not dissolve but remain as solid Si02 as a 
separate phase. In acid steelmaking or in laboratory experiments 
in silica-crucibles the slag is always saturated with Si 02 since 
there is a constant supply of SiOo from the furnace lining or the 
crucible whenever the simultaneous reactions of Fc-Si-Mn-MnO- 
FeO bring the Si02 content below the solubility limit. 

The laboratory experiments of Korber and Oelscn should not 
apply to actual acid steelmaking except perhaps to very low car- 
bon steels, since carbon exhibits a reducing action on the various 
oxides and this reaction determines the equilibria of the consti- 
tuents of slag. The influence of carbon on Fe, Mn and Si 
equilibria under silica-saturated FeO-MnO slag is dealt with in 
the next section. Nevertheless the behaviour of Si and Mn in car- 
bon-free melt forms the basis for a clear understanding of the 
action of carbon on Fe-Mn-Si-O system. 

The reaction of Si and Mn in carbon-free melt constitutes the 
equilibrium between Si and Mn in the steel bath, Fe0-Mn0-Si02 
slag and solid silica. The relevant equations are : 

(a) Mn+FeO=MnO+Fe 

(b) Si+2Fe0=Si02+2Fe 

(c) Si+2 Mn0=Si02+2 Mn 

Korber and Oelsen have given in Fig. 3.18 the relation between 
the constituents in slag and bath. Since oxygen in bath and FeO 
in slag are inter-related by partition law (at 1,600°C, % [0]/% 
(FeO) =0*0021), the values of oxygen are also given. Si02 is 
taken as 50% and (FeO+MnO)=50%. From the starting 
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point of the ordinate, i.e. [Mn]=0%, the slag contains a large 
amount of FeO and the [Si] is small. The steep rise of the 
slag isotherm shows that on addition of small amount of Mn, 
the slag is rapidly enriched with MnO. As Mn increases, the slag 
FeO is fast replaced by MnO. Simultaneously. with the increase 
of Mn, the Si-content also increases, at first slowly then rapidly. 
Since the [O] is controlled by [0]/(FeO)=constant, the oxygen 
in the bath decreases as FeO-slag decreases. The constant 
does not alter appreciably even when the constituents of slag and 
steel vary considerably or small quantities of CaO and AI 2 O 8 are 
present. (FeO in slag, however, does not behave ideally, its acti- 
vity changes with Si02, MnO, AI 2 OS, CaO, etc. in slag.) 

Wt pet pet. 10' 

Feo MnO [Sy [OJ 



Fig, 3 , 18 — Equilibrium between liquid iron and silica- 
saturated iron-manganese-silicate at 1 , 600 ®C. 
(Korber & Oelsen). 
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It is clear from the figure that at a given temperature and giv^n 
Mn-content (under FeO-MnO-Si 02 slag saturated with silica) all 
the constituents in slag and also Si are fixed. If Si lies below the 
Si-isotherm under these conditions, the bath will react with Si 02 
resulting in the reduction of Si to the bath and formation of FeO- 
MnO-silicate. The reduction ceases when Si-content reaches the 
Si-isothermal. When Si lies above the isothermal, manganese and 
iron are without action against Si 02 , rather silicon reduces the 
FeO and MnO of slag until the equilibrium given by the isother- 
mal is reached or the two oxides disappear completely, which- 
ever is earlier. In such a case the slag is completely transformed 
into solid Si 02 . 

The isotherms in Fig. 3.18 are valid for 1600°C. The equili- 
bria, however, are functions of temperature. The infiuence of 
temperature is such that for a given slag composition, a decrease 
in temperature decreases the oxygen, manganese and silicon- 
contents of the bath or, in other words, decreasing temperature 
facilitates the slagging of Si and Mn and lowering of bath oxygen 
(deoxidation). On the other hand, at a given Mn-content, the 
(FeO-, [O] and [Si] contents of the slag and bath increase with 
increasing temperature. 

At about 1600°C if the slag contains less than 50% silica, a 
good liquid silicate will result, whereas above 50% it will be a 
heterogeneous mixture of liquid silicate and solid silica. Silica 
is soluble in Fe 0 -Mn 0 -Si 02 melt only to a limited extent ranging 
from 50 to 65% according as impurities like CaO, AI 2 O 3 are pre- 
sent. This limited solubility enables the melting of steel in acid 
lining and with such a lining no melt with a slag under line a-b 
of Fig. 3A9a is possible. It is, however, imperative that at any 
temperature and at any slag composition (under the line a-h) in 
equilibrium with an iron melt, there must be definite oxygen, 
manganese and silicon contents in the metal. 

The equilibrium reactions occurring in the experiments 
of Korber and Oelsen and also in acid steelmaking, belong to a 
three-phase system, the phases being metal, slag and solid Si 02 * 
The important question is whether solid silica (m.p. ^ 1,710®C) 
does also take part in the reactions. They assume that at steel- 
making temperatures of 1,600° — 1,650°C, the m.p. of Si 02 is 
nearly approached and, therefore, solid Si 02 takes an active part 
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in the reactions. The participation of solid SiOz in the metal- 
slag reactions leads to the reaction (Si02)-f2[Mn]=[Si]-4-2 
(MnO), the temperature function of the equilibrium constant being 
small : log K=%\ll/T-A-151. At steelmaking temperatures, 
die relation [Si]=l,200 ([Mn]/(MnO))“ can.be assumed to be 
valid for all purposes (at 1,600°C, iC=l,200); or V [Si] is pro- 
portional to [Mn]/(MnO), the proportionally constant being 
34-7. 

This negligible influence of temperature has a significance in 
acid steelmaking where the principal aim is silica reduction and 
increase of Si in the bath. Such an aim can only be realised if 
(FeO)-slag is kept low so that the principal reactants are Si and 
Mn and their oxides in slag. If higher Si is to be obtained from a 
reduction of solid Si02 by Mn-containing bath than correspond- 
ing to Si-isotherra, it can only be possible either by the reducing 
action of carbon or by diluting the slag by an oxide, viz. CaO, 
which increases the solubility of Si 02 considerably in the silicate 
slag. Naturally, such a slag must also be saturated with silica. 

Fig. 3.18 shows that for a given Mn-content all other consti- 
tuents in the metal and slag are definite and fixed. This is made 
possible because of simultaneous saturation of metal and slag with 
solid Si02. At any temperature one of the concentrations of Mn, 
Si, O, (MnO) or (FeO) determines all others. If, however, the 
metal and the slag remain unsaturated with silica, the isothermals 
can no longer be drawn on a plane surface and a space model has 
been devised by Korber and Oelsen.®® Here Mn, Si and O are 
the three co-ordinates and the composition of slag is difficult to 
incorporate. 

Fig. 3.19 gives the projection of the three views of the model, 
viz. plan, elevation and side-view at 1600°C. Each will be taken 
separately and discussed. 

Plan'. The line G'F* corresponds to the relation of Mn and Si 
in a bath in equilibrium with silica-saturated FeO-MnO-silicate. In 
the region above G'F' only solid silica is possible in presence of 
the metal, whereas below the line only unsaturated liquid silicate 
exists, solid silica being absent. Along the line G'F' itself the 
stable phases are : metal, slag and solid silica. The lines of con- 
stant oxygen-contents above G'F* show that they are dependent 
only on the Si<ontent and Mn has no influence whatsover. The 
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opposite is nearly true in the region below G'F' where 0-content 
runs parallel to Si-content. At low silicon the lines of constant 
O-contents bend towards higher Mn-content. When the Mn and 
Si-contents cross the bends above these points, then for a given 
Mn-content, the increasing Si no longer decreases the O-content. 
Only when the line GT' is reached, further addition of silicon 
decreases the oxygen with the formation of solid silica. Let us 
endeavour to find the significance of this diagram. An iron alloy 
with about 0*95% Si and about 0-5% Mn is in equilibrium with 
0-006% O. If oxygen is introduced to such a system it will start 
oxidising silicon to solid SiOo and the oxygen content of the alloy 
will increase parallel to the Si-co-ordinate and perpendicular to 
Mn-co-ordinate at 0-5% Mn. When the line G'F' at 0*015% O 
is reached, corresponding to 0*16% Si, the simultaneous oxidation 
of manganese and silicon will start and follow G'F' thereafter. 



$i€le ^ Plan 


Fig. 3.19 — Elevation, plan & side-view of deoxidation 
diagram for manganese and silicon at 1,600®C. (Korber 
& Oelsen). (a) Viscosities of FeO-MnO-SiO* slag at 
1,600®C, the line ‘aF showing silica saturation. 
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The slag composition can also be derived with the help of 
Fig. 3.18. At &st only solid silica will be fonned. Only at 
0-16% Si and 0’5% Mn, the formation of saturated manganese 
silicate will start which would contain about 8% FeO (from Fig. 
3.18) corresponding to 0-015% O. As oxidation of Si and Mn 
proceeds, the iron melt will pick up more and more of oxygen and 
FeO in slag will correspondingly increase along the saturated 
boundary line of Fe0-Mn0-SiO2 system (Fig. 3.19a). Although 
the new slag formed is liquid yet it is saturated with silica and, 
therefore, the original solid silica formed will not be fully dis- 
solved. Such a slag can have no corroding action on silica 
lining. 

The situation, however, becomes different if the alloy at the 
start is' such that on oxidation its constituents form liquid slag. 
This happens when Si and Mn lie below G'F'. The unsaturated 
slag formed would react with the lining and manganese and silicon 
will not be in equilibrium with the furnace lining till the 
line G'F' is reached. The reaction may be something as follows : 
for an iron alloy with say 0-4% Si and 1-2% Mn, an oxidation 
will lead to the formation of a liquid unsaturated silicate, which 
would absorb silica from the lining till saturation. Such a 
slag will, however, not be in equilibrium with the melt and it 
will oxidise manganese to MnO which will immediately react to 
form saturated manganese silicate. The oxidation of Mn is per- 
formed by silica which is reduced to silicon and goes over to the 
melt, Mn-}-Si02=Mn0-l-Si. From the equation, oxidation of 
1% Mn is equivalent to reduction of 0-255% Si into the melt. 
Therefore, as oxidation of Mn proceeds and the line G'F' is appro- 
adied, the composition vis-d-vis Mn and Si of the melt will not 
reach the line at 0-4% Si but at somewhat higher values. There- 
after, simultaneous oxidation of both the elements will follow 
G^F'. The composition of the slag where G'F' is met will be 
given by the oxygen-content given in Fig. 3.18. The change of 
slag composition along G'F* is found in the same way as in previ- 
ous case. 

Side-view : It is the same as the Fe-Mn-O isothermal at 
1,600'’C. The liquid unsaturated silicate exists in the wide zone 
between VW and G"F". The strong action of silicon on the 
oxygen-content of liquid iron containing manganese is evident 
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from the figure. The curve G"F' represents the border of satu- 
rated and unsaturated silicates at 1,600°C, i.e. it gives the minir 
mum oxygen-content of the melt capable of furnishing liquid 
silicates. 

Elevation : The curve G"*F'' represents the isothermal of 
Fe-Si-O at 1,600°C. The zone of unsaturated liquid silicate lies 
below this curve. The influence of manganese on the oxygen- 
content of liquid iron-silicon alloy is again evident. When Si, 
Mn and O in iron lie below G"'F"', fluid silicates are invariably 
obtained. 

Hilty and Craft^^ have given recent data on the influence of 
Mn on silicon deoxidation (e.f. Fig. 3.326). The recent work 
of Schenck and Wiesner on Fe-Mn-Si-O system has been dis- 
cussed on p. 246. 


Fe-Mn^Si--^C~-0* 

The Fe-Mn-Si-O system described in the previous section is im- 
portant from the point of view of deoxidation but it does not fully 
depict the equilibrium relations in acid steelmaking. Carbon is 
invariably present in all steels and it takes part in the reaction 
as a strong reducing agent. The reaction of carbon with oxygen 
in steel and oxides in the slag will evidently affect the equilibra 
in the preceding section. The reactions are as follows : 

2 C -f SiOo = 2 CO + Si 

C + MnO = CO -f- Mn 

C + FeO (i.e. [O]) = CO -f- Fe 

Apart from the 3 phases in the previous section, e.g. liquid metal, 
slag and solid SiO;., we have here a fourth phase, gaseous CO. 
According to Korber and Oelsen, when the equilibrium is reached 
and if liquid slag is present, then at any given temperature and 
for any fixed Mn-content in liquid melt there must be : 

(/) definite Si-, C- and O- contents in the melt 

(//) definite (FeO) & (MnO) -contents in the slag 

(Hi) a definite Pqq in CO-bubbles in the melt 

* Tn this section, the elements Fe. Si, Mn. C & O, where they are not 
inside tlie bracket [ ) mean tliey are in solution in steel. 
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We have seen (Fig. 3.16) that at any temperature there is a 
definite C-content in equilibrium with a given O-content. For 
1, 600^0 andpQQ =1 atm. the relation is [C].[0]=:0 0025. The 
.relation varies with the partial pressure of carbon monoxide. Since 
for given Mn and Si-contents in liquid iron under silica saturated 
liquid silicate there is a definite amount of O in equilibrium, the 
C-content in equilibrium must also be definite, given by the above 
relation. As for example, from Fig. 3.19, it can be seen that 
0-7% Si and 1-12% Mn are in equilibrium with 0*007% O. 
Therefore the %C in equilibrium will be 0*0025/0*007=: 
0*36%. If such a melt contains higher carbon, then oxygen, on 
introduction in the system, will react with carbon first and when 

feO \Mn0 fsil Erl 



wb pet 

Fig. 3.20 — Equilibrium between liquid iron containing 
carbon, manganese & silicon and silica saturated 
FeO-MnOSiOa slag at hSOO^C & 1,600“C. 

Pco=l atm (Korber & Oelsen). 

the excess of it is removed and carbon reaches 0*36%, the 
simultaneous oxidation of Mn, Si and C will start. When 0*22% 
Si and 0*6% Mn (=0*0125% O) are reached, the carbon in 
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equilibrium will be 0-0025/0-0125=0-2%, and so on. If the 
initial C-content is less, Mn and Si will suffer oxidation first and 
move along G'F* until oxygen in iron increases and becomes equi- 
valent to the given carbon. Thereafter, all three elements will 
be oxidised simultaneously. If say C=0-2%, Si=0-7% and 
Mn=l-12%, then decarburisation will start when Mn and Si 
reach 0-6% and 0-22% respectively. 

Fig. 3.20 has been derived by Korber and Oelsen*® from Vacher 
and Hamilton’s [C].[0]=0-0025 at 1600°C for pco =1 atm. It 
is clear how the equilibria of slag, silicon and oxygen are infiu- 
enced by carbon. If for a given Mn-content the C-content is 
higher than the C-curve, then carbon will react with the slag and 
silica until a lower carbon value is reached. Such a reaction 
would, however, mean a reduction of Mn and Si to iron until all 
the constituents of slag and metal are in equilibrium. When 
carbon is above the C-curve it is not possible for Si, Mn and Fe 
and the oxides in the slag to be in equilibrium with one another. 
The reaction of Fe, Mn and Si with their oxides cannot remain 
in equilibrium if carbon is not also in equilibrium with these 
oxides. No decarburisation or CO evolution can take place if 
C-content lies under the C-curve. It can only happen when the 
oxygen-potential of the slag is raised or the partial pressure of CO 
is lowered by melting under vacuum or by passing inert gases 
like argon, nitrogen through the melt. 

It can be ascertained from Fig. 3.20 how far carbon can be 
lowered for any given Mn- and Si-contents. Under a (FeO)- 
poor silicate with 5% (FeO) and with [Mn]=r0-8% & [Sil= 
0-38%, the C-content can be lowered to 0-24%. It can be lowered 
to r-' 0-024% when working under 50% (FeO) corresponding to 
[O]=0 105%. 

These equilibrium reactions suffer considerable changes with 
temperature. The C-curve at 1,500°C runs at a steeper angle. 
It has been calculated from [C].[0]=0-0020 at that temperature.*® 
For the same manganese and silicon as in the preceding paragraph, 
the carbon content cannot be lowered below 0*53% at 
1,500°C whereas as 1,600‘’C it was 0-24%. The lower reducing 
action of carbon on silicate and silica, i.e. the higher stability of 
the slag with decreasing temperature is clear from Fig. 3.21*®. 
At 1,500°C the oxidation of silicon is favoured more than that of 
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tjn • §it weight per cent 

[The underlined elements denote their percentages in steel.] 

Fig. 3.21 — Comparison of deoxidising actions of carbon, manganese & sili- 
con in the presence of silica or silicate at 1,S00°C & 1,600°C. 
(korber & Oelsen) . For Mn (Si) curve, see text. 

carbon, whereas the reverse is the case at 1,600°C. In these figures 
Mn is drawn against O where manganese has its maximum deoxi- 
dising action. It has been found by adding enough silicon to the 
manganese-containing melt so that a silica saturated FeO-MnO- 
silicate just starts separating out. 

It must, however, be mentioned here that the validity of these 
equilibria is lost when the melt contains a large amount of carbon. 
It is because the activity of manganese is lowered by carbon. In 
other words, for the same silicon more Mn will be required for 
the formation of liquid silicate. With high carbon, the line GT' 
of Fig. 3.19 is brought down, i.e. the zone of solid silica formation 
is widened. 

The equilibrium relations derived for carbon are applicable in 
the laboratory but not in actual open-hearth practice. The physical 
process of evolution of CX) affects the decarburisation. This will 
be discussed in Chapter 5. 

Fe-P-0^* 

5/2 P2-1-02=2/5 P 2 O 5 : AG° (298°-631°K) 

= —151,600+55-4 T 
; AG° (63P-1,400°K) 

— —148,000+49-37 T 
: = —168,600+ 

133-0 T 


2[P]+5[0]=P20.-,(/) 


3.26»» 
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K=a PjO. /( 9^0 ior.% [P]®) : log «=36,850/r— 29 -07 3.27»» 

P2(g)=2[P] : AG°= —58,500— 9-1 T 

(1% solution)®* 

The progressive deterioration in the quality of iron ore and coke 
is continually aggravating the problem of producing quality steel 
with low phosphorus content. The dephosphorisation of liquid 
iron is effected by the oxidation of dissolved phosphorus and ob- 
taining the phosphorus pentoxide so formed in the slag in a state of 
low activity to prevent its subsequent reduction by iron melt. 

The reaction in the pure Fe-P-O system takes place according, 
to 

2 lP]+8(FeO) = (3 FeO. P205)+5 [Fe] 3.28 

or '2 [P]+8[0]+3Fe = (3 FeO. P3O5) 3.29 

Lewenetz & Saamarin®^ give the free energy of the reaction and 
the equilibrium constant of Eq. 3.29 as ; 

AG“= — 383,500+142-6 T 
and log K= 84,200/r— 31 • 1 

Fig. 3.22®^ shows the relation between phosphorus and oxygen 
in liquid iron at various temperatures under pure liquid iron- 
triphosphate slag. The lower the temperature, the lower is the 
P-content for the same O-content in iron. The figure fur^er 
shows that oxygen decreases with increasing phosphorus up to 



Phosphorus, pet 

Fig. 3.22 — Relation between oxygen & phosphorus contrats of 
iron at different temperatures. 
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Fig. 3.23 — The FeO-PaOc system. (Wentrup). 


about 1-2% P, above which it shows a rise in equilibrium oxygen 
values. This is attributed to the dissolution of P2O5 in iron above 
1*2% P according to : 

4[PJ+13[0]+3Fez=: (3 FeO.P^Os) +[P205] 

A — 531,000+226-5 T 

This might be an explanation for the fact that in Thomas 
(basic Bessemer) blow the refining of phosphorus is relatively 
slow up to about 1 -2% P and below this value the velocity of the 
oxidation is rapid. 

The Fe0-P2O6 system is shown in Fig. 3.23. At about 30-4% 
P2O5 the system forms a eutectic with FeO and 3 Fe0.P206 
having a m.p. of lOOS'^O^^. The figure shows a flattening of 
the liquidus curve which signifies a tendency towards separation 
into two phases, i.e. a tendency towards occurrence of a ‘mis- 
cibility gap’. In the neighbourhood of about 15% P2O5 there is 
also a distinct change in the run of the curve. This tendency to- 
wards immiscibility is of supreme importance in Thomas steel 
production since tlie introduction of a foreign substance like lime 
(CaO) results in an actual separation into two phases. 

We will now consider the behaviour of phosphorus in iron 
under oxidising conditions whereby phosphorus, having a greater 
affinity for oxygen, goes in larger amounts than iron into the slag. 
The slag formed out of FeO and PjOr, is related to P in iron and 
their relation, as found by various workers,'^’^ ’^ is summarised in 
Fig. 3.24. 

Fig. 3.24 shows the curves when [P] is drawn against (P2O5). 
The experiments of Oelsen and Maetz^^ were made at 1,600°C in 
MgO-crucibles and those of Schackmann and Krings^^ at 1,450 & 

7 
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1,525^^0 in Al206-crucibles. While all the curves are similar in 
shape, that of Maurer and Bishop^<> is almost a straight line up to 
about 4% [P]. The other curves appear as if they are not conti- 
nuous but ralher made up of two distinct parts meeting at a de- 
finite ‘turning point’. This point, which is in the neighbourhood 
of 15% P20n, corresponds to the fxiint of inflexion of the liquidus 



PhosphoTtds , weight per cent 

Ffg. 3.24 — Distribulion of phosphorus between liquid iron and pure (FeO) 
slag. (K. G. ^ipcilh 8c 11. V. Kndc, St;ihl und Kisen, 72, 1952, 1998) . 

curve of Fig. 3.23. According to Oclsen this ‘turning point’ is 
due to the tendency of im miscibility in the iron-phosphate slag. 
The pronounced ‘bend’ of Oelsen’s curves compared to Schack- 
mann’s is due to the presence of MgO which increases the ten- 
dency towards immiscibility. CaO behaves similarly but in a 
much more pronounced manner. 

It can be gathered from the curves that the oxidation of phos- 
phorus is relatively slow at lower phosphorus contents than at 
higher, above the ‘bend’. From Oelsen’s curve at 1,600°C, 1% 
[P] is in equilibrium with 1-2 — 1*4% P 2 O 6 i.e. 0*53 — 0*62% 
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(P). Therefore, the phosphorus distribution ratio (P)/[P] is less 
than unity. The ratio becomes more favourable at higher % [P], 
i.e. at 7*5% [P] the oxide content is 35% or r-' 16% (P) in the 
slag, the ratio (P)/[P] being slightly more than 2 . Lower the 
P in iron the lower is the equilibrium (P 2 O 5 ) ; therefore, the 
higher must be the (FeO) -content. It follows that a low phos- 
phorus content cannot be achieved by the simple oxidation of a 
phosphorus-containing melt with a tolerable amount of iron oxi- 
dised into slag. At steelmaking umperatures the maximum value 
of the above ratio is about 2 to 3 . 

A comparison between curves with MgO- and AloOo-crucibles 
shows that phosphorus removal into slag in the former case is 
better. This is because the crucible material enters the slag to a 
certain extent and basic MgO in the slag favours dephosphorisa- 
tion. 

The influence of temperature can also be seen from a compari- 
son of the curves of Schackmann and Krings at 1,450^^ and 
1,525°C. At lower temperature more phosphorus is removed, 
which corroborates, as stated before, that decreasing temperature 
favours dephosphorlsation. 


FeO^!\0. 

It has been seen in the preceding section that the removal of phos- 
phorus from iron by oxidation needs 2 l highly oxidising slag or, 
in other words, a high oxidation potential of the metal. But the 
extent of phosphorus removal is limited and can be far-reach- 
ing only when the phosphorus pentoxide formed is bound with 
lime into a state of low activity, the combination being calcium 
tri- or tetraphosphate. Dephosphorisation, therefore, depends on 
the activities of FeO, P 2 O 5 and CaO in the basic slags, the acid 
processes being incapable of large phosphorus removal in the ab- 
sence, or in the presence of very little of lime. Although the 
basic steelmaking slags possess a large number of other consti- 
tuents, the study of the pure FeO-PoOs-CaO system helps to eluci- 
date the fundamentals of dephosphorisation. 

When a certain amount of CaO is incorporated in the FeO- 
P 2 O 5 system or when certain minimum amount of liquid FeO is 
introduced into tricalcium phosphate at sufficiently high tempera- 
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tures, they separate into two layers. The upper layer contains 
essentially the phosphate with a little FeO and the lower one 
principally FeO with a little of phosphate. The ‘miscibility gap‘ 
as found by Oelsen and Maetz'*® in the ternary Fe0-P206-Ca0 
system is shown in Fig. 3.25. They carried on experiments in 
the neighbourhood of 1,400°C and only iron-rich slag is liquid 


PzOs 



MnO 

Ffe. 3.25 — ‘miscibility gaps’ in the FcO-P Or.-CaO system containing 
0%, 5% and 10% SiOn at stcelmaking temperatures. 

The lime saturation line is also shown. 

at these temperatures. The solid line, therefore, is the experi- 
mentally found boundary of the ‘miscibility gap’ and the dotted line 
has been assumed by them to form the boundary on the CaO-rich 
side. Subsequently it has been proved from laboratory and con- 
verter experiments that the assumed boundary on the CaO-rich 
side is largely correct. The line of saturation of the slag with 
lime is also shown in the figure. 

The lines running across through the miscibility gap (c/. Fig. 
8.4) are the connodes, their points of intersections on the boundary 
line giving the composition of the two layers. Outside the lens- 
shaped gap, the slag is completely miscible and homogeneous. 
The left hand or FeO-rich and CaO-poor side of Fig. 3.25 shows 
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that in the lower layer (FeO-rich) CaO decreases at first as 
P 2 O 5 increases and then again increases until the critical point C 
(r-^ 15% P 2 O 5 ) is reached when the system loses its lower layer 
character and assumes that of the upper layer. It is to be noted 
that this critical point coincides with those of Fig. 3.23 and 3.24. 

The right hand side of Fig. 3.25 shows the character of the 
upper phosphate-rich layer. The major amount of lime and 
P 2 O 5 to the extent 30-40% go into the upper-layer. The shape 
of the ‘miscibility gap’ shows that at high P 2 O 5 concentrations the 
composition 3 CaO.P 205 is approached, which suggests the pro- 
bable presence of P 2 O 5 as tricalcium phosphate. The impor- 
tance of the miscibility gap in Thomas slag lies in the increased 
FeO-activity. As for example, a phosphate layer having 15% FeO 
is as reactive and as much oxidising to iron as a FeO-layer having 
75% FeO because both these layers are in equilibrium. The 
quantity of each slag variety does not play any role. In other 
words, the low FeO in a phosphate slag would maintain the same 





F|g* 3.26— thematic iso-activity lines of FeO in quasiternary FeO-PaOc-CaO 
lystem at 1.600‘’C. vShaded area shows common Thomas slags. rH. Reiler* 
maycr & Th. Kootz, Stahl und Eiseii, 76, 1956, 965) . 
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PzOs 



Fig. 3.27 — Schematic iso-activity lines of CaO in quasiternary FcO-P*OB-CaO 
system at I.()()0®C, Shaded area sliows common I’homas slags. (H. Reller- 
nieyci* & Tli. Root/, Stahl mid Risen, 76, 1956, 966) . 


oxygen level in the metal as a highly-rich FcO slag, since the FeO- 
activity in both the layers, being in equilibrium, is the same. A 
schematic diagram of lines of similar activities of FeO is given in 
Fig. 3 .26'^^. The activity increase.^ as the lines approach the mis^ 
cibility gap. The concentrations in the figure have been com- 
puted after deducting impurities like SiO^, MgO, etc. The shaded 
area gives the usual slag composition in the Thomas process. 

In order to obtain sufficient dephosphorisation of metal, not 
only a highly oxidising but also a sufficiently basic slag is essen- 
tial. Lime is used for the purpose of holding P 2 O 5 in a strong 
bond and in a lower state of activity. Action of lime is stronger, 
the greater the activity of CaO in such slags. Since the activity of 
pure lime or a fully lime-saturated slag is the highest, the phos- 
phorus removal will be greatest the nearer the slag is towards 
lime-saturation, provided of course that the oxidising power of 
the slag is sufficiently maintained. The curves of similar CaO- 
activities and the lime-saturation line are shown in Fig. 3.27®®. 
The lines correspond to increasing CaO^tivity as they approach 
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towards the saturation-line. The shaded area gives the general 
Thomas slag composition. 

Even in the homogeneous fields of Ca 0 -Fe 0 -P 205 system, the 
influence of immiscibility is not lost. Thus, as the slag composi- 
tion approaches the gap boundary, the activity of FeO increases. 
Although this increasing oxidising power should help dephos- 
phorisation, it does not do so since the basicity decreases as the 
slag composition moves farther away from the lime-saturation 
line with the consequent fall of lime activity. Therefore a com- 
promise has to be made and the usual Thomas slag composition 
lies in the narrow corridor between the lime-saturation and the 
gap boundaries. 

According to Wentrup,^'^ because of the ‘miscibility gap’, the 
increase of FeO-concentration above a certain limit will not only 
have no effect on further dephosphorisation but rather a rephos- 
phorisation of the iron melt may take place. Crossing of the 
boundary line into the ‘gap’ will make the slag incapable of effec- 
tively dissolving more FeO. Increasing FeO will result in the 
separation of the slag into two layers causing a diminution of FeO 
and CaO from the upper layer. Formation of too much of FeO, 
therefore, impoverishes the dephosphorising phosphate slag of lime 
which may cause rephosphorisation of the metal. 

The amount of lime, that can be incorporated in the slag, 
is limited. The lime solubility is hardly more than 10% of the 
composition of tricalcium phosphate. However, the solubility is 
affected by FeO-content as well. It reaches its highest value at 
about 15-20% FcO. It is clear there is only a limited room for 
increasing the lime content. 

Thomas slag does not belong to the pure FeO-PoOn-CaO system 
and small amounts of oxide impurities are always present, viz. 
manganese oxide, magnesium oxide, aluminium oxide, titanium 
oxide and sometimes chromium and vanadium oxides. 

Influence of oilier Factors 

Silica : Oelsen and Maetz^^ suggest that the presence of silica 
in FeO-PaOs-CaO system narrows down the ‘miscibility gap’. With 
increasing SiOa the gap becomes smaller and smaller until at about 
15% SiOa it completely disappears. The influence of 5% and 
10% SiOa is shown in Fig. 3.25. 
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According to Weritrup,®* calcium phosphate remains in equili- 
brium with lime till about 15% SiOa in the slag which suggests that 
in such a SiO^-poor slag the activity of lime does not probably 
vary much. Above 15% Si02 the lime is replaced by calcium 
silicate and remains in equilibrium with the slag and, therefore, 
the reactivity of lime decreases. Increasing the content of Si02 in- 
creases the solubility of lime. But lower the lime-content the higher 
has to be the (FeO), with increasing SiO^, in order to obtain a 
sufficiently fluid slag. Fig. 3.28®® shows the shifting of lime 
saturation lines to higher CaO with 4% silica at 1,550°C. The 

£>2 silica 

4/ silica 



%CaO 


Fig. 3.28 — Shifting of lime saturation lines in the FeO-PaOt,-CaO system with 
4% SiOa at l,r»5()°(: & 1,700‘’C-. (H. Kniippcl k 1'. Ocicrs, Stahl und Eisen, 

81, 1961, 1437-49). 

amount of shifting (r-' 4%) is equivalent to lime consumed by 
silica for the formation of 2 CaO.SiOa. 

We will see later (cf. p. Ill) that with a SiOi-rich Thomas 
slag, the start of slag liquefaction as well as that of dephosphorisa- 
tion occur later than that with low-SiOo slags ; the end-phos- 
phorus and oxygen-contents of the melt are also higher.®® 

MnO : Oelscn and Maetz found that even 12% MnO in the 
upper layer does not alter the miscibility gap. In other words, MnO 
does not change the shape, size or extent of the gap. Without 
incurring any serious error, it is possible to write FeO-l-MnO in- 
stead of FeO in the ternary phase diagram. 

As with FeO, MnO also is partitioned between the upper and 
lower layers. This should affect the FeO-content and, therefore, the 
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oxidising power of both the slag layers. It is natural to expect that 
the presence of MnO will affect the dephosphorising action of FeO 
in the upper phosphate layer. However, the ratios P 205 -lower/ 
P206-upper for various FeO-contents of upper layer in MnO-free 
and MnO“Containing slags do not show any influence of MnO. 
Therefore, it can be assumed that FeO and not MnO determines 
the dephosphorisation. MnO acts merely as a diluent.®^* 

Magnesla^^^ : It enters as an impurity in Thomas slag from the 
dolomite lining of the converter. It is not very soluble in such 
slags arid the saturation-content seems, for 16-20% Fe in the slag, 
to be 4-6%; more of MgO in the slag remains undissolved. It 
lowers the solubility and the activity of lime and, therefore, retards 
phosphorus and sulphur removal. 

Aluminif^ : Its amount is generally within 1% in the usual 
Thomas slag. It liquefies such a slag earlier and, therefore, dephos- 
phorisation starts earlier. With increasing alumina more manga- 
nese is oxidised to slag, desulphurisation is worsened. Alumina 
probably lowers the activity of lime and increases the activity of 
FeO. 

Titania^'^ : It is generally almost absent. It is a good liquefy- 
ing agent for lime. Manganese oxidation is not affected by it and 
desulphurisation only to a slight extent. 

Sodium Oxide^^ : It increases the basicity of the slag. Presence 
of Na20 enlarges the miscibility gap. It is used for ‘fine’ dephos- 
phorisation of Thomas iron. 

Temperature’"'^ ; Lower temperature enlarges the miscibility gap 
to a little extent but the saturation-content of lime in the slag is 
lowered by a greater amount. Lower temperature helps dephos- 
phorisation. 


Fe^P^O-CaO 

P2(«)+5/202(?)+3CaO(s) = 3 CaO.PaOs : A = 

—537,000+0- 1294 T 

P2(«)+5/202(^)+4CaO(.v) = 4 CaO.PsO* : A G'’»« = 

—541,400+0-1307 T 

= 3 MgO-PaOB : A G“*« = 
—483,000+0-1293 T 


Pa(^)+5/202(^)+3MgO(.v) 
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We have mentioned in the previous two sections that removal 
of phosphorus from metal to slag is facilitated by low tempera* 
ture, highly oxidising slag or oxidised metal and by high basicity. 
These qualitative criteria for dephosphorisation are known to all 
basic steel melters but a quantitative correlation in regard to slag- 
melal equilibria could not be satisfactorily obtained. This has 
been rendered more difficult because of the large numbers and 
different nature of slag constituents. Because of mutual interac- 
tions of the various constituents it is not possible to use simple con- 
centration terms in the equilibrium equation. Activity terms must 
be used and these terms are difficult to evaluate in complex slags. 

The initial product of oxidation of phosphorus in iron is gaseous 
P20r, and little [PI is lost to the gaseous phase. A formation of 
stable phosphate is necessary for phosphorus removal. Iron 
phosphate slag can dephosphorise only to a limited extent but 
lime does so extensively, forming calcium tri-or tetra-phosphate. 

For the purpose of calculations, tlie formation of either the tri- 
or the tetra-phosphate may be assumed, since according to 
Richardson'”’^ their free energies of formation do not differ consi- 
derably from each other. We would, therefore, consider the 
formation of tetra-phosphate for the present : 

2[P]+5(FeO)+4(CaO)==:4 CaO.PaOg+SfFe] 3.30 

the equilibrium constant of the reaction being 

(4Ca0.P,05).rFer ^ 

lP]-.(FeO')^(CaO')-‘ 

Obviously the concentrations in the equations cannot be the analy- 
tically determined values. CaO and FeO are ‘free’ concentrations 
as defined by Schenck^"*. Since it is assumed that entire ^ P 2 O 5 
is combined as tetra-phosphate, and therefore gP 206 is propor- 
tional to the phosphate and further, since in steelmaking processes 
the concentration of iron does not vary appreciably, we can in- 
clude the iron concentration and the proportionality factor of ^P 20 tt 
in the equilibrium constant : 

Therefore, Eq. 3.31 becomes, 

_ ( ^P.>o,) 

“ fP12.(FeO')«.(CaO'V 


3.32 



SYSTEMS OF IMPORTANCE IN STEELMAKING 107 

^ ( ^PsOs) 

Or. j-pp = K' . (FeO')*. (CaO')* 3.33 

where FeO' and CaO' are the respective ‘free’ concentrations. 

It is clear from Eq. 3.33 that dephosphorisatioh increases with 
increasing FeO and CaO. But such increases, at least for Thomas 
process, are limited by lime-saturation of the slag. FeO can only 
be increased provided sufficient lime is available. Otherwise the 
danger exists that with rising FeO, the region of the ‘miscibility gap’ 
will be reached beyond which it may be futile to increase the FeO 
as it will not aid dephosphorisation any further, rather a rephos- 
phorisation may take place. In case of basic open-hearth pro- 
cess as well, at any given temperature and lime-silica ratio (i.c. 
basicity ratio) there is a limit to dephosphorisation with increas- 
ing FeO and for a given FeO there is no dephosphorisation beyond 
a certain basicity of the slag. 

The knowledge of equilibrium relations is necessary to find 
the extent and mechanism of dephosphorisation as well as the 
conditions under which rephosphorisation, i.e. migration of phos- 
phorus from slag to metal can’ take place. For the calculation of 
the equilibrium constant, we should take the activities of the slag 
constituents into consideration because of the mutual interaction 
of the constituents as well as the influence of impurities present in 
the slag. The calculation of the activities in steelmaking slags is, 
however, difficult and methods have been devised to circumvent 
the use of activity terms but these have only limited applicability. 

Thomas slag 

Fischer and Vom Ende** investigated the phosphorus equili- 
brium in lime crucibles free from impurities. Since iron oxide 
in the slag is related to oxygen-content of the melt it is admissible 
to use [O] in place of FeO in the calculation of the equilibrium 
constant. They assumed the following reactions to take place in 
their experiments in CaO-crucibles : 

2 [P] -f 5 [O] + 3 (CaO) = 3 CaO.PjO* 3.34 


and K 


(3 CaO. PsOr.) 

“ [Pj^lOf-.fCaO')" 


3.35 
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Here [P] and [O] are in wt.% and 3 CaO.PoOs and CaO' are in 
mol fractions where CaO' is the lime remaining after combination 
with P2O5 as 3 CaO.PoOs. They assumed after an extensive 
examination of the slag under microscope that it contained 3 
CaO.PoOs rather than 4 CaO.PoO.-,. On plotting log K against l/T 
they found that K decreased with increasing temperature, i.e. phos- 
phorus content in metal increased. Since, however, the experi- 
mental points distribute themselves in a way that shows that X- 
value is dependent on P-Os of the slag, the law of mass action 
based on concentration cannot obviously be applied and the 
activities of the slag constituents must be substituted in Eq. 3.35. 
Since the liquid FeO-CaO-PnO.-; slag is contained in lime-crucible, 
the activities of CaO and 3 Ca0.P20r» may be assumed to be 
constant and since a[p] and nfo] proportional to their wt.%, 

K' - 1/([PF . [Of) 3.36 

or Jog [O] ^ — 2/5 log IP] — 1/5 log K' 3.37 

If log [O] is drawn against log fP] then a straight line should be ex- 
pected whose inclination will be-0-4. This was found to be true. 
When log K' is plotted with l/T a straight line of the following 
equation is obtained. 


log K' - 53,000/7—19*4 3.38 

Eqs. 3.37 and 3.38 also furnish the extent of deoxidation of steel 
with phosphorus under lime-saturated iron oxide slags. Oxygen 
decreases with increasing phosphorus. At 1,650°C when [P]= 
0*03%, the [OJ-content is 0*12%. At [P]=l%, [01=:0*025%. 

The extent of dephosphorisation in lime-saturated iron oxide 
slag can be seen from the relation of P0O5 and [P] in Fig. 3.29. 
The equilibrium was reached from metal side by the oxidation of 
[P] and from slag side by the reduction of P20r». The figure shows 
that the end [P] increases with increasing temperature, viz. with 
P, 05=16% between 1,530^— 1,570°C, [P]=0 01% and for the 
same P^On between 1,620° — 1,700°C, [P]=0 *03%. For any given 
temperature, [P] remains almost the same between about 5% and 
30% — P 2 O 5 , Above 30% and below 5% P2O6 the increase in 
[P] is very steep. This must be due to the tendency of CaO- 
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Fe 0 -p 20 B slag, between the said amounts of P 2 O 5 , to separate 
into two layers. But the investigators could not actually find any 
such separation.' Fig. 3.29 also shows the feasible limit of dephos- 
phorisation in the Thomas process where, at the end of the blow. 



Fig. 3 ,29 — ^The phosphorus distribution between liquid iron and lime 
saturated FcO-slag tor temperatures 1,530-1, 70()®C. The range of PaOr, con- 
tents of the common Thomas slags and phosplionu contcni.s of metal are 
also shown by the shaded area. (K, G. Spciih R: V. Kndc, Stahl und 

Eisen, 72, 1952, 1938) . 

temperatures of around 1,650°C are usual. Under an almost 
pure FeO-PaOn-CaO slag, [P] r- ' 0-03% can be reached with 
PsOb in slag in the range of actual basic practice. [P]=0-04 — 
0-05% is frequently attained. At much lower temperatures, [P] as 
low as 0 01% cannot be ruled out. Lower phosphorus contents 
can also be achieved by ‘fine dephosphorisation’ (cf. chapter viii). 

It may be questioned whether such equilibrium experiments 
under pure slags are of any use in the Thomas, let alone the 
basic open-hearth processes. It is true that in basic open-hearth 
the slag contains large amount of silica, very low P 2 OS and also 
fair amounts of other impurities like MgO, ALOa, CaF^, FcaO,,, 
etc. and, therefore, experiments like the above investigations are 
of no use. But they are helpful for understanding the Thomas 
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process because an impurity like silica, though it narrows down 
the ‘miscibility gap’ on the Fe0-P205 side of Fe(>-P205-CaO 
system considerably, does not do so on the CaO-FeO side. Since 
the composition of Thomas slag lies on this side, it makes it possible 
to compare this process with the experiments in the laboratory 
with pure FeO-PyOs-CaO slags. 

In practical steelmakiug the end oxygen-content is of extreme 
importance in view of the quality of metal and its subsequent 
behaviour during mechanical treatment or in service. Fischer and 
Vom Ende'^® made extensive investigations on [P] and [O] equili- 
brium under lime-saturated Fe0-P205-Ca0 slags. Subsequently 
other workers followed^^ Recently Kniippcl and Oeters®® 
directed their efforts towards the same object. 

In liquid iron under a lime-saturated phosphate slag, the equili- 
brium [P]- and [0]-contents arc determined by the slag composi- 
tion. At any given temperature, the slag composition can be clearly 
depicted by the concentration of only one component, i.e. either 
total iron or phosphorus pentoxide since the composition follows 
the lime-saturation line which runs almost parallel to the base 
of the ternary phase diagram (Fig. 3.25) and, therefore, shows 
more or less constant amount of lime in the entire phase system. 
However, the Thomas steel workers generally use total iron 
( gFe) to indicate the slag composition. Fig. 3.30 has been 
drawn with [P] and [O] contents as functions of ( § Fc) for three 
different temperatures. As can be seen, [O] increases rapidly at 
first tmd later almost imperceptibly with increasing ( ^Fe) 
which corroborates the non-ideal behaviour of Thomas slag. The 
fP]-content which depends on the state of oxidation of metal and 
slag also behaves in tlie same manner and only when ( $Fe) is 
very high > 45%), i.e. when phosphorus in slag is almost nil 
does [P] fall and approach zero. 

That [PI and [OJ should behave in the way as said above is 
understandable because both are controlled by flpeO there- 
fore, by ( $Fe) of slag. ( $Fe) and apeO interrelated. 
According to Fischer and Vom Ende, a plot of fl^eO 
($Fe) shows that below 20% (Fe) the wpcQ rapidly, 
(therefore [P] increases and [O] decreases steeply); between 20-50% 
( ^Fe) the aV^Q remains almost constant (therefore [P] and [O] 
both remain more or less constant). 
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The influence of temperature on the equilibrium [P] and [O] 
contents is also shown in Fig. 3.30®®. Both these elements show 
higher values with increasing temperature. The temperature- 
dependence of [O] under lime-saturated phosphate slag is, however, 



( Pe) in, $ho, pci 


Fte.3 .30 — ^The influence of temperature on the equilibrium relations of phos- 
phorus k oxygen in metal and iron content of slag. (H. Knuppel & F. 
Oetors, Stahl mid l.iscn, 81, 1961, 1437-49). The values for Thomas prac- 
tice are also shown. 

smaller than under pure (FcO) . While [O] under a phosphate slag 
with 15% (Fe) and between 1,550°C and 1,700°C increases 
from 0-062% to 0-073%, i.e. by a factor 1-2, it increases in 
case with pure (FeO) under the same conditions (Eq. 3 . 6 ) from 
0-20 to 0-30% [O], i.e. by a factor 1-5. The smaller increase of 
[O] under the phosphate slag indicates that opeO ™ 
decreases with increasing temperature. The [P] and [O] curves for 
1,550° & 1,600°C, with more than 10-15% ( ^Fe), are more or 
less horizontal, i.e. they change very little whereas those for 
1,700°C continue to fall and rise respectively with increasing 
($Fe). 

The above discussions are concerned with pure FeO-PaOs-CaO 
system. Thomas slags, however, contain impurities of SiOa, 
MnO and small amounts of AI 2 O 3 , MgO, etc. Knuppel and 
Oeters®® have found that as long as the slag is lime-saturated, up to 
8 % Si 02 and 4% MnO have no specific influence on [P] and [O] 
contents and these do not deviate from Fig. 3.30. In actual 
Thomas practice the equilibrium is not attained and Si 02 delays 
d^hosphorisation and increases end-oxygen in steel, {cf. Fig. 3.30). 
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Basic Open-hearth slag 

Thomas slag is very different from basic open-hearth slag. 
The former contains low Si 02 and high P 2 O 5 whereas the latter 
contains considerable amount of SiOo and only 1-5% of P2O5. In 
such a slag there is no possibility of any tendency towards immisci* 
bility, first because of low P 2 OR and secondly because the ‘misci- 
bility gap’ becomes non-existent above about 15%-Si02. 

The phosphorus equilibrium in basic open-hearth cannot be 
calculated easily. The slag here contains several constituents 
which render the activities of the reacting species difficult to 
evaluate. The constitution of such slags is not fully known and 
without a satisfactory slag model the application of mass law is 
bound to lead to erroneous results. 

Schackmann and Krings®^^ and Maurer and Bischof®^ suggest 
that the deviations from equilibrium constants of phosphorus reac- 
tion can be much narrowed down if [P] and not [P]^ is substituted 
in Eq. 3.31. Schenck and Riess®- have also adopted the same pro- 
cedure in their equation for dephosphorisation in open-hearth. 
The use of their equation has been dealt with on p. 260. 

Winkler and Chipman^’*^ studied the phosphorus equilibrium 
extensively with laboratory melts using radioactive phosphorus to 
ascertain the attainment of equilibrium. 

In terms of activities the phosphorus removal Eq. 3.31 can 
be written as : 

rC^FeOV* . (aCaOr 

In view of the large amount of iron, may be considered 
equivalent to unity; phosphorus being very low, can be taken 
as proportional to wt.% ; and since at any temperature «|,>o is pro- 
portional to % [O], can be substituted by actual oxygen con- 
centration, the proportionality factor of the above being included 
in the equilibrium constant value. Again, assuming activities of 
the phosphate and lime to be equivalent to the mol fraction of 
4 CaO.P^Or, and available lime CaO', Winkler and Chipman set 
out to find the slag constitution which would furnish ‘non-variable’ 
equilibrium constant under the above assumptions. The equili- 
brium constant is given 
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Kp = 


% [P]2.%io]».(NcaO' )* 


3.40 


the dephosphorisation equation being, 

2 [P]+5 [0]+4 (CaO)' = (4 CaO.P.Os) 3.41 

log Kp = 7i,610IT — 28-73 3.42 

In order that Eq. 3.40 may be useful for practical purposes, 
% [O] has been replaced in Eq. 3.43 by Np^Q, the necessary cor- 
rection for oxygen distribution having been made : 


N4Ca0.P:.0.-. 

3.43 

Kp' = -- - 

% [PP. (N FeO)'- (NcaO)^ 

log Kp' = 40,070/ r — 15-06 

3.44 


It has been found that long Kp', determined by laboratory experi- 
ments, agree well with the values computed from actual open- 
hearth data. 


>^ 4000 . 



MOL RATIO 


CaO+MqO+MnO 


SiOg-tZ^Og+^FeiPi+iAl^Oi 
Fig. 3.31 — ^The influence of temperature and slag composition on the lines 
of constant dephosphorisation ratio. (T. B. Winkler & J. Cliipnian, I'rans. 
AIME, 167, 1946, 111, 33). 


From the |boye considerations Derge and Tenenbaum®^ have 
put forward Fig. 8.2 which is very useful for open-hearth melters. 
The figure shows the influence of (FeO) and basicity of slags on 
residual phosphorus of metal. The influence of temperature is 
8 
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shown in Fig. 3.3 1®*^ It is clear that to maintain the same 
dephosphorisation potential, it is necessary to increase both 
basicity and FeO content of slag as the temperature increases. 
The beneficial effect of lower temperature is apparent. 

Balajiva et also investigated the phosphorus distribution 

extensively at 1,535®, 1,585® and 1,635°C. They depict the 
equilibrium constant as 

K % (Po05)/(%( $FeO)" . % fPF) 
and log K 10-78 log % ( ^CaO)— n 
where FcO total Fe-content converted to FeO 

n ^ 20 08, 20-41. 20-83 at 1,535®, 1,585®, 1,635®C 
respectively. 

They concluded that for each slag basicity (CaO/Si02) there is 
an optimum (FeO) which when exceeded decreases the % 
(PaOs)/^ [P] ratio, i.e. affects the dephosphorisation adversely. 

It is difficult indeed to form a coherent idea regarding the 
mechanism of dephosphorisation of iron under basic open-hearth 
slag. The investigators have used their own slag models in order 
to obtain a reasonable equilibrium constant. The only answer to 
the problem is to use the activity values which has been described 
on p. 267. 

The problem can also be circumvented by the use of ionic 
theory of slags. The application of this theory is, however, still 
in its infancy and, therefore, its discussion has not been attempted 
here. The reader may refer to the works of Herasymenko and 
Speight^*^'®^ Flood and Grojtheim"®. 


Fe-Cr-O'^^^ 

4/3Cr+02 =2/3Cr20» : AG° (298°-^l,868“K) 

= — 178,500+41 -40 T 
m.p. Cr =2,070‘'K : AG' (1,868°— 2,500'’K) 

= _ 183,740+44-21 T 
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Chromium is a costly metal and its elimination in the slag during 
steelmaking is a substantial loss. It is susceptible to oxidation and 
its affinity for oxygen is intermediate between that of manganese 
and vanadium. Steel containing significant amounts of Cr shows 
inclusions of two oxides, viz. Chromic oxide (CriOg) and chromite 
(FeO.CrgOg). They are moderately stable at steclmaking tempe- 
ratures but less so than the oxides of Si or A1 and, therefore, Cr 
cannot be classed as a good deoxidiser. Its affinity for oxygen 
decreases with increase in temperature and advantage of this 
phenomenon is taken for the retention of the element in the bath 
during the production of chromium-steels of heat-and corrosion- 
resisting and austenitic stainless varieties in electric furnaces. 

The study of equilibrium relations between chromium and oxygen 
dissolved in steel depends on the type or variety of the oxide 
formed. The above-mentioned two oxides are formed from low- 
and high-chromium steel. Chen and Chipman’^ carried on 
equilibrium experiments with molten iron in chromite and chromic 
oxide crucibles under an atmosphere of Hg/HgO mixtures. 
Plotting log [Cr] against log H 2 O/H 2 , they found two straight lines 
intersecting at 5-5 [Cr]. The reactions involved in the two types 
of crucibles are : 

FeO.CraOs-f 4 Ha = 2 [Cr]-|-[Fe]+4 H 2 O 
CraOg-l-S H 2 — 2 [Cr]-|-3 H 2 O 

It is suggested that about 5-7% Cr in iron is a critical content, 
below which the [Cr] and [O] equilibrium gives rise to stable brown 
chromite phase while above this amount the stable phase is green 
chromic oxide. Chen and Chipman conclude that at 1,595®C the 
stable phase is CrgOg with Fe-Cr alloys containing more than 5-5% 
Cr. TTie free energy relation is : 

2[Cr]4-3[0]=Cr203 (.?) : AG° = -194,750-1-83 12 T 3.45 

The effect of temperature on the equilibrium is very great. 
The oxygen-content increases, that is the deoxidising power of 
Cr decreases, with increasing temperature. According to calcu- 
lated values,” the [0]-contents of 10% Cr alloy are 0-017% at 
1,540®C; 0-041% at 1,650'>C; 0-086% at 1,760“C. 
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Chromium possesses a peculiar influence on oxygen in liquid 
iron. Its deoxidising action increases up to 4-5% Cr. After 



Fig. 3.32 (<i) — Relation between oxygen-contents and alloying elements in 
molten steel at l,G0()”(:. 



Alloying ELements, pet, 10“^ 

Fig, 3.32 (Zi) Deoxidising power of silicon, manganese and aluminium 
singly and together. The action of carbon at p^Q =0-01 atm is also shown. 

exerting the maximum effect at this concentration, the oxygen 
content no longer diminishes, and if at all, rather slowly because 
of the marked lowering of the oxygen activity in iron at higher 
Cr-concentrations. At this stage, probably because of formation 
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of chromic oxide from chromite, there is a sudden steep decline 
in the slope of oxygen-activity, whereas the oxygen-content begins 
to rise slowly. The deoxidation curve of Cr is shown in 
Fig. 3.32a. 


Fe-Cr-O-C 

This system is important from the point of view of decarburisation 
of stainless steel. As wc know, the resistance of chrome-nickel 
stainless steel to corrosion increases as the carbon content decreases. 
The so-called 18/8 austenitic steels containing carbon of the 
order 0 03%, are corrosion resistant. The difficulty of pro- 
ducing such steels lies in the fact that at steelmaking temperatures 
chromium is oxidised in preference to carbon as shown by the 
evolution of strong brown fumes, resulting in serious loss of the 
valuable metal in the slag. The high chromium slag creates 
operational difficulties also, since such slags arc solid at these 
temperatures. But, in the neighbourhood of 1,800''C, chromium 
and carbon oxidation reactions are almost reversed. This very 
high temperature can be reached rapidly by the injection of oxygen 
at the slag-metal interface of the molten bath. • 

According to Hilty,^*"^ "^ the following reaction takes place : 

CrO+[Cl = 1 - [Cr]+CO: = 62.950—40*01 T 

The plot of the logarithms of % [C] and % [Cr] gives a slope of 
unity whereby it can be assumed that %[Cr]/%[C]==:iconstant. The 
equilibrium constant of the reaction, when pcO = 1 atm. and 
flCrO ~ 1 in the slag, is given by : 

log K == log % lCr]/%[Cj = —13,800/7+8*76 
The Cr/C ratio calculated from the above equation is 


1,627°C 

1,727'’C 

1,827°C 

% [Cr]/% [C] from equation 33 

72 

158 

In actual experiment 
for 0‘1% residual carbon 

60 

150 



60 

153 
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According to Richardson and Dennis,^’’ the decarburisation 
takes place thus : 

Cr 30 ;,-f 3[C] = 2[Cr]+3 CO 

Activity of carbon is influenced by the concentration of [Cr] and 
[C] and Hilty’s straight line must be due to the fact that the activity 
co-efficient of carbon is lowered by Cr in such a way that 

% [Cr] / % [C] = constant 

If it is assumed that ideal behaviour of Cr is not affected by 
low C-content, Pqq ~1 atm. and «cr.o, = 1 in solid chromic 
oxide slag, then 


K -. % [Cr]-/a=‘[C]and log ^ = — 33,620/7'-[-21 -9 

Carbon activities can be calculated from the data of Richardson 
and Dennis. 


Pe-Al-0 


The free energies of the oxidation reactions of aluminium are : 
4/3 Al+O:; ^ 2/3 AlaOs ; AW — —266,700 cal 


Melting points : Al — 931 -T^K; AU-Os = 2,303“K 


A(;^( 298"— 930'’K) 
AG’( 930 — 2,318°K) 
AG^(2,318"— 2,330‘’K) 
AG (2,330'— 2,500“K) 


— — 256,6004-43 -37*1 0,000 cal 

— — 257,5004-44 • 3 T±z 10,000 cal 

— _ 240,4004-36 • 8 T± 10,000 cal 
= — 321,600-471 -8 I’ztlO.OOO cal 


In view of the great affinity of oxygen for aluminium the latter 
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element is used extensively for deoxidation of steel. The reac- 
tion is given by : 

2 [Al] + 3 [O] =: AlaOs (.0 

Assuming the activity of alumina to be unity, the equilibrium 
constant is 

K = % [Al]2 . % [0]», 3.46 

the temperature function being,’* log K --- — 64 ,000/2’ -|- 20 -48 
K (l,600"C) =: 2.10 ” 

Higher values have been given by other investigators.” 

The relation between Al and O is shown in Fig. 3.32 from where 
it is clear that aluminium is by far the strongest deoxidiser sur- 
passed by carbon only at a very low partial pressure of carbon 
monoxide (pco r-^ 01 atm). 

The products of oxidation are insoluble in steel and may 
separate out or remain as non-metallic inclusions in solidified 
metal, depending upon circumstances (cf. p. 367). In the case of 
aluminium deoxidation it is surmised”'’that at 1,600°C and [Al]> 
0 - 1 % mixed inclusions of FeO.AlaOa (hercynite) and AI 2 O 3 are 
formed; with fAl]<0-l%, the mixture contains FeO and FeO. 
AUO*. Both alumina and hercynite arc solid at steelmaking 
temperatures. 

The FeO — AlsO,! phase diagram, (Fig. 3.40c)^*, however, 
shows the existence of hercynite and 3 FeO.AljO,!. The latter 
has not yet been identified in the inclusions. 


Fe^Mfi’—A l—O 

The deoxidising power of aluminium is considerably increased in 
the presence of manganese. This has been shown by Hilty and 
Crafts” in their experiments with liquid iron containing r- ' 
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0*45% [Mn] to which progressively increasing amounts of alu- 
minium were added, (c/. Fig. 3.32(h)). 

The deoxidation products evidently belong to the FeO — MnO 
— AI 2 O 3 system.*^^ In the phase diagram, there is a field of 
primary crystallisation of spinel (FeO.MnO). AI0O3. Therefore, 
the constituents of the inclusions can only be a mixture of alu- 
mina and spinel and possibly, a FeO.MnO solid solution. The 
diagram also shows that inclusions containing more than 30% 
alumina will be solid at 

The decreasing solubility of oxygen with increasing Mn — con- 
tent may probably be due to progressive replacement of FeO 
by MnO in the spinel (FeO.MnO). Al^O^, thereby decreasing 
the activity of FeO. 

Oelsen and Heynert^’’ have investigated into the amount of 
oxygen and manganese in liquid iron that would give (in the 
presence of Al) liquid MnO — Al^Oa solution. Curve 111 in 
Fig. 11.3 shows that lower the [Mn], the higher must be [O] for 
obtaining liquid aluminate. Since carbon decreases the activity 
of oxygen the relative oxygen contents will be higher in presence 
of carbon as shown by Curve III a. 


Fe^Si^Al-^O 


In contrast to manganese, there is at present no evidence that 
silicon affects the deoxidising power of aluminium. The above 
system has been investigated by Geller and Dickc**^ who assumed 
the presence of an alumina-saturated slag : 

2 AI 2 O 3 -I -3 [Si] = 3 Si02-f4 [Al] 

K= (%[A1])« . (% Si02)V(%[Si])» 

At 1,600°C, K = 4.10 s 

The inclusions will naturally belong to FeO-SiOo-AloOs sys- 
tem.®* The presence of four compounds is indicated :**<* 
2 FeO.SiOa (fayalite), 3Al2O3.2Si02 (mullite), Fe0.Al20s 
(hercynite), 2 Fe 0 . 2 Al 203 . 5 Si 02 (iron cordierite). If Al is 
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added to a Si-deoxidised steel containing solid silica, the primary 
phase in inclusions will be mullite when Al203<55% and corun- 
dum when Al203>55%. If the primary inclusions are liquid iron 
silicates, a variety of inclusions will result depending upon the 
amount of alumina formed and the compositiori of iron silicate. 
With A1 oO 3<50%, glassy silicates are possible.’^'^ 


Ee-Mn-Si^Al^O 

The presence of silicon and manganese increases the deoxidising 
power of aluminium. Curve II Fig. 11.3 shows [OJ and [Mn] con- 
tents in steel for the production of a liquid slag, an iron-manga- 
nese-silicatc with about 20% alumina. (See also Fig. 3.32(h)). 

The inclusions formed belong to FeO-MnO-SiO^-Al^Oa system. 
As is evident, there are many possibilities of combination of the 
constituents. Depending upon the Al^Oa-content, the inclusions 
may be glassy or crystalline. The possible compounds are 
MnO.AloOa; 2Mn0.Si02 and MnO.SiO.; 3Mn0.Al203. 
3Si02; 2MnO.2Al2O3.5Si0i.. The last two form low melting 
ternary eutectics with the other constituents. 


fe-Ti-O 


The data regarding Ti — O are : 

Ti“f~OM ” TiOo 

AG° (298°— 2,080°K) = —217,500+41 -4 T ± 10,000 cal 

Titanium has a great affinity for oxygen and its deoxidising power 
in liquid iron is given by'*'* ; 

[Ti] +2[0] = r/Os (j) 

K = %[Ti] . %[0]2 

logK = —33,830/7+ 11-8 3.47 
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Fe—Zr—0 


The data regarding Zr — O are : 

Zr-j-Oo = Zr 02 (s) 

AG’ = —256, 000+44 0 T 

It is one of the strongest deoxidising agents as is evident from 
the following 

[Zr]+2[0] =3 ZrOs (j) 

K = %[Zrl . %[Of 

log *: = —41,340/7’+ 12 07 3.48 


Fe-V-O'^ 

When liquid ferro-vanadium is equilibrated with Ha/HjO, the plot 
of oxygen in metal and the gas ratio shows a break as in the case 
of chromium but at a much lower V-content, about 0-16%. The 
oxides identified above and below this concentration are V 2 O 3 and 
a spinel FeO.VgOs respectively. 

As with chromium, the activity co-efficient of oxygen is decreased 
by vanadium and the effect of 0 - 1 % is equivalent to that of 0*5% 
Cr. The influence of carbon is of the same order as V. The free 
energy of V-deoxidation is given by : 

2[V] + 3[0]=V20,., (.y) : AG'’ = - 196,600+78 • 1 T 3.49 

K (1,600°C) = 1 *75.10 « 

The deoxidation curve is shown in Fig. 3.32. 


FeB^O 

The deoxidation product of boron as calculated by Chipman^* from 
the experimental results of Derge®® is given by ; 


%rBl® . %[01'‘ = 4.10 ® at 1,600°C 


3.50 



SYSTEMS OF IMPORTANCE IN STEELMAKING 123 

Others^^ have given values which are somewhat higher than the 
above. The deoxidation curve is shown in I^g. 3.32. 


Ee-H 


Defects like flakes and hair-line cracks in cast steel have been 
attributed to the presence of hydrogen. This is also evident from 
its solubility in iron (Fig. 3.33*®) which decreases suddenly at the 
freezing point of iron. It again increases from 6- to y iron and 
decreases further on from y to < -iron. Since hydrogen is more 
soluble in the liquid than in the solid iron, the gas comes out of 
the solid phase as the liquid freezes and progressively concentrates 
in the rest metallic melt. This continues until the solubility limit 
is reached, when the gas starts forming bubbles resulting possibly 
in the so-called ‘hydrogen wilderness’ or ‘blow holes’. 



Temperature C 

Pig. 3 .33 — ^The influence of temperature on the solubility of hydrogen db 
nitrogen in iron at one atmosphere pressure of the ^ses. (J. Chipman, 
Basic Openhearth Steelmaking, AIME, Copyright 1951) . 

The absorption of hydrogen in steel is rapid when exposed to 
an atmosphere containing the gas, and the equilibrium is easily 
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established between the gas in the atmosphere and that in steel. 
The evolution of the gas from steel under favourable conditions is 
also more or less rapid. The amount of the gas in iron can be 
calculated from Sievert’s law. 


l|2H2 = fH]:/i:=: % [H]/(pH^)i 3.51 

where p jj^is in atmospheres and % [H] in wt. per cent. The tem- 
perature functions of K for pure iron are given by®* : 

K ( .c — Fe) = 48.10" r'C— 17-2.10-''* 3.52 

K ( y— Fe) = 88.10" r“C— 37-2.10-'- 
K (8— Fe) = 60.10" t^C— 30 0.10 '' 

K (liq — Fe) —275.10" r°C — 175-5. 10 ’’ (approx.) 

For Eq. 3.51, AG° = 7,640-|-7-68 T (hypothetical 1% solu- 
tion).’- More recent data is log /C= 1,670/7’-)- 2 -32. 

It is clear from Eqs. 3.51 & 3.52, the evolution pressure in gene- 
ral increases during cooling and in the < -field where the solubility 
is very low, the evolution pressure may be tremendous at low 
temperatures. 

The magnitude of the evolution pressure of hydrogen in steel 
has been calculated for various temperatures and hydrogen con- 
tents 0-001 — 0-(X)3% by Schenck and Luckemeyer-Hasse.-* The 
results are reproduced in Fig. 3.34. It is clear from the figure 
that the evolution pressure pjj can exceed the Pa(liq) (hydrostatic 
pressure of liquid column) in the solidification range 1400° — 
1480°C. Here, if the hydrogen content exceeds 0-0010% it is 
possible that gas may evolve resulting in hydrogen-wilderness. 

At low temperatures p . can attain considerable magnitude and 
might exceed the tensile strength of steel, as is seen from the 
shaded area in the figure. The pjjj-curve of [H]=0-0010% meets 
the tensile strength curve near about 400°C. It is quite possible 
that high evolution pressure inside a steel casting would produce 
great internal stress which may affect the mechanical properties of 
the material if the gas fails to escape from the Interior. 

It is not difficult for hydrogen to diffuse cut from solid castings 
because of its small atomic size. The diffusion increases with tern- 
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perature. Therefore, high quality steel intended to be forged is 
normally annealed for a long period (2 to 3 weeks for very large 



Fig. 3.34 — Evolution pressure of hydrogen in steel. (By permission from 
‘I'he Physical Chemistry of Steelmaking’ by H. Schenck) . 


size) for driving out the gas. The annealing time depends on the 
cross-section; it increases as the square of the increase in cross- 
section. 
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H~0 

2 Hj+ 02=2 HoOCg) : AH = —115,600 cal 

: AG° (373°— 2, 500°K)=— 118,000 

•4-26.75 T 


log K = log p* H=0 / H, • P o.) =25,790/7—5 • 85 


Fe-H-0 

Hydrogen in steel most probably results from the moisture in the 
furnace gases, slags and refractories and furnace additions. The 
extent of absorption depends upon the partial pressure of water- 
vapour in contact with (or diffusing through the slag layer to) steel 
and the state of oxidation of steel itself. The calculations are as 
follows :** 

H2O (g) = 2[H]-|-[01 : AG^=47, 480+0- 73 T 3.53 
log K=\og (%[H])^(%[01)/ph.O= — lO.SSO/r — 0-16 
At l,600°Cor 1,873°K, K — 1 -99.10 « 

Therefore, % [H] - 1 -41.10® V/>H.o/ ^ 

Fig. 3.35 shows the extent of hydrogen absorption under diffe- 
rent conditions of humidity and metal oxygen; higher the [O] the 
lower is the equilibrium [H]. 

The following reactions also belong to the Fe — — O system : 

(а) FeO (or Fes04/Fe203)+H2=Fe (or FeO/FcaO^) +H2O 

(б) Fe (/) + H2 0(g)=rFe0]+H2 

or H2O = [0]+H2 

The system (o) rather deals with the reduction of iron ores and, 
therefore, is of importance for Blast Furnace reactions. The 
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oxidation of iron by water or steam is governed by (b) and has 
importance, e.g. in Thomas converter using steam/oxygen or in 



Fig.3 .35 — ^Absorbtion of hydrogen in liquid steel from atmospheres contain- 
ing moisture. The range of hydrogen contents of Thomas steels blown 
with oxygen/steam and in the finished products is also shown. 

any steelmaking process where air containing moisture is used. 
The necessary data for (6) are : 

Pli^o/ (PH= % ) 

log K = V.OSO/r— 3 17 
AG° = —32,250+14-50 T 

where, 1% = 1— (2-51— 1-19.10+7). (ph,o/ “ 

or log /S = — 0-2.%[O]'>'‘ 
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C-H 

C+2 H 2 =C H 4 : AG° (500°— 2,21 3°K)= — 21, 550+26 -16 T 
log K = log pcH./ = 4,710/r— 5-71 

Fe-N 

Nitrogen in steel causes embrittling effects and impairs the impact 
strength after cold work and also the cold ductility values. The 
probable cause is strain-ageing caused by nitrogen in solution in 
ferrite. Steels blown by air in converters (containing O-OIO — 
0-017% N) are, therefore, not suitable for cold drawing purposes 
like ship plates, car bodies, pipes, etc. 



Fig. 3.36 — Iron-nitrogen phase diagram. (V. G. Paranjape, M. Cohen, 
M. B. Bevcr & C. F. Floe, Trans. AIME, 188, 1950, 261). 

The Fe — N phase diagram is shown in Fig. 3.36®^ 
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The solubility of nitrogen in steel, as in the case of hydrogen, is 
governed by Sievert’s law ; 

PN.= (% [N])= / 

The solubility is given in Fig. 3.33. The free energy of the 
reaction : 

1/2 N., (g) = [N] 

is AG° = 2,200+5'26 T (for 1% hypothetical solution). 

Dardell*® has given the following temperature-function of nitro- 
gen solubility in liquid iron : 

log [N]= —1 161 / r — 0-722-1-1/2 log 

where [N] is in wt. per cent and pjq, in atmospheres. At 1 atm, 
%[N] = 1-2.10'®. T -f 0-0171 in liquid iron,®® On solidification 
to 5-iroa the solubility decreases to about 0-0100%. According 
to Darken et the solubility of nitrogen in y -iron is more 
than that in 5-iron and it increases with decreasing temperature. 

% [N] (y-iron) = 0-0404 — 1-2.10®. T 

At the y-»<< transformation (910-925°C) the solubility falls 
abruptly to 0-0042%, while from the above equation it is 0-026% 
at 923°C. 

Example : 

At about 1,600°C, the solubility constant K == 0-0396,®® 
Therefore, the evolution pressure for a steel with 0-010% [N] is : 

p = (0-010/ 0-0396)® = 0-064 atm. 

At 400°C, K = 0-00018. If the steel contains 0-010% [N], 
p N* = (0-010/ 0-00018)® = 3100 atm. 

At low temperatures the evolution pressure is enormous. It is 
obvious that a steel with high N-content is subject to a great stress 
at low temperature. The actual stress, however, depends upon 
the extent of decomposition of iron nitride (iron forms a com- 
pound Fe 4 N) which is small especially at low temperatures. 

9 
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The development of nitride needles (Fe 4 N) is due to the falling 
temperature. Below 300°C only an iron sample containing 



Fig. 3 .37 — Relationship between nitrogen content of iron and the various 
pha.sc.s at flifrcrcnt tcinpcraUircs. (By courtesy of .Steel ft Coal) . 


0-01% ni^ogen becomes saturated with the y '-phase. Fig. 3.37®*^ 
illustrates how iron nitrides are formed in steel containing even 
very low nitrogen. It further shows the metastability of y'-jrfiase 
(iron nitrides) and the impossibility of its formation at any nitri- 
ding temperature (pn 2 — 1 atm). The ease of formation of 
Y 'iron nitride at ordinary temperatures even in the presence 
of traces of nitrogen is apparent from the iso-nitrogen concentra- 
tion curves in the «< -field. The ordinates in the figure are func- 
tions of nitrogen fugacity (/) which is approximately similar to 
nitrogen pressure at low pressure levels, but deviates markedly 
at high pressures due to non-ideality of nitrogen gas. 

The free energies of the reactions are 

4Fe (.<) +[N1 (.<) =Fc..N( y') ; AG°= -8,330-f 4-96 T 
4 Fe (.< ) -f- INafg) = Fe 4 N (y') :AG° (298°-868°K) = 

730 + 8-60 T 


N~0 

No -f Oo = 2 NO 

AG°=43150 - 4-248 T - 0-282 T In T + 0-451. 10-® T 

-0-154.10-».7^ 
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It has been suggested that NO plays a part in the absorption of 
nitrogen in liquid iron, 

NO = [N] + [O] 

Therefore the nitrogen absorption at any temperature is dependent 
not only on the partial pressure of nitrogen but also on the oxygen 
content of steel. The more oxygen the bath contains, the less is 
the pick-up of nitrogen. Kosmider and Schenck®^ have shown 
that under reducing conditions the metal takes up nitrogen and 
under oxidising conditions it is removed. Naescr®'* explains the 
phenomenon on the assumption that iron forms an oxide film at 
the contact surface of iron and the oxidising medium (N^ -f- O 2 
or N 2 COo) and this film prevents nitrogen pick-up. 

However, Th. Kootz*® and Naeser and Scholz’"® have now 
found that there is no chemical reaction between oxygen and 
nitrogen. Given sufficient time, even a highly oxidised metal will 
absorb a theoretical amount of nitrogen at p s =1 atm. Naeser 
and Scholz suggest that since iron oxide reduces the surface tension 
of steel there is a preferential accumulation of the oxide of 
molecular thickness at the gas/metal interface which retards the 
velocity of nitrogen absorption. 


Fe-N—X 

Alloying elements have considerable effect on the solubility of 
nitrogen in steel (Fig. 3.38)*. Carbon and phosphorus lower 
the solubility. While both chromium and vanadium increase the 
solubility, silicon at first increases and then decreases it*®*. The 
probable cause of the latter phenomenon may be the decreased 
solubility of nitrogen in presence of oxygen. At low concentra- 
tions of silicon the oxygen in steel is removed as silica, which in- 
creases the nitrogen solubility in the beginning; subsequently with 
more of silicon its effect in lowering the nitrogen takes its course. 

The nitrogen affinity for some nitride-forming elements has al- 
ready been given in Fig. 1 .2. It enables one to form an idea of 
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the denitrifying power of the various elements. The behaviour 
of such elements in steel has been computed by Chipman'^®. The 
calculated values of the equilibrium constant are given in Table 3.2. 



Fig. 3,38 — Solubility of nitrogen in iron in the presence of various alloying 
elements at l,r»()()”c;. (By permission from ‘I’hc Physical Chemistry of 
Metals’ by L. S. Darken & R. W. Ciiirry. Copyright 1953. McGraW'Hill 

BfK>k C’o.) . 


Aluminium nitride AIN starts precipitating at a temperature 
where the observed product of %rAlJ and %[N] equals or 
exceeds the equilibrium value. Si, B and V arc not as good 
‘denitrifiers’, but Ti and Zr form very stable nitrides which are 
cubic crystals without solubility in solid steel. Cr increases the 
solubility and decreases the ill-cflfects of nitrogen although unable 
to remove it to any extent. 


TABLE— 3.2*“ 


DKNITRIFVING POWER OF ALLOYING EI.EMENTS IN STEFX 


Elements 

Equilibrium Constant 

Value at 1600'C 

Aluminium 

% [All- 

% [N1 

0-55 

Boron 

% [B] • 

% [N1 

Like A1 

Silicon 

% [Si 13' 

% [Nl 

H'OO 

Titanium 

^0 [TiJ • 

% [N] 

0-00014 

Vanadium 

'to tvi • 

% [Nl 

1-5 

Zirconium 

% rzr] • 

% [N] 

Like Ti 
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Fe-S 

Suli^ur possesses considerable affinity for iron. It forms FeS 
which is scduble in iron to a certain extent but exhibite a tendency 
towards immiscibility as indicated by the flattened solubility curve 
(Fig. 3.39)^®®. Sulphur activity also shows a positive deviation^* 
from Raoult’s law. 



Ffe. 3.39 — Iron-sulphur phase diagram. (From ‘Metals Handbook', ASM, 

Cleveland, 1948) . 

The Fe-S phase diagram shows a eutectic at 988''C (with 
31% S) between Fe and FeS. Sulphur solubilities in y -iron 
arer-^0-06% atl,365^Cand r-^0 01 at Liquid 

iron with r-' 0 - 1 % S starts freezing at and a sulphur bear- 

ing liquid phase starts separating when y -iron is formed at 
1,365*^0. This separation continues until the eutectic tempera- 
ture is reached when the whole system freezes. This low melting 
liquid during solidification probably precipitates around the metal 
grain boundaries and affects the hot rolling properties (red-short- 
ness) leading to cracking or breaking of ingots. 


H S 

2H2+S2=2H2S: AG=(298"-2,200"K)= — 43.1604-23-61 T 
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Fe-H-S 

The thermodynamical behaviour of sulphur in liquid iron has been 
mainly derived from equilibrium experiments with mixhues of 
H 2 /H 2 S in the temperature region of 1,550°-1,600°C. The reaction 
and the equilibrium constant are given by^° : 

H 2 + [S] = HaS : AG® = 9,840 + 6-54 T 
^ : logX = — 2,150/r— 1 -429 

Here, in fact, should be used instead of % [S]. But Henry’s 
law is obeyed below about 0-5% [S] and in this range the wt. 
per cent may replace the activity term. 

Thus from the above equation, molten iron at ],600°C would 
pick up as much as 0-4% S from an atmosphere containing only 
01% H 2 S. 

Furnace gas in the open-hearth may contain sulphur in the form 
of HnS, SO 2 , SO.!, Si, COS and occasionally as HS and CS. The 
presence and relative proportions of any or all of these depend 
upon the temperature and oxidising/reducing condition of the 
gases, the latter condition being largely determined by the CO/CO 2 
ratio and free oxygen present. At ratios between 1 to O-Ol the 
principal sulphur carrier is SO^. Under more oxidising conditions, 
SOo is oxidised to SOi. 

Therefore, under the oxidising conditions prevailing in the open- 
hearth, a more realistic approach will be to consider the reaction 
of SO 2 with molten iron which is discussed in the next section. 

0 . -f S 2 2 so : AG° - —49,000— 2-5 T 

2 0 . -t- S,. - 2 SO« : AG" (298'’-2,200°K) = 

— 173, 240 -f 34 -62 T 


Fe-S-0 

The free energy of the reaction of SO 2 with liquid iron is 
SO 2 (g) 1 atm = [S] + 2 [O]; K = fS].[OF / Psq. 

AG° = -1,340—12-81 7V log K = 293/r 4- 2-8 
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Since the equilibrium constant of the equation is very high, about 
10"® at 1,600°C, almost the entire sulphur in furnace gases 
should go into iron. But this docs not haf^n in open-hearth 
mid it is presumed that the excess air forms an oxide layer which 
prevents or suppresses the sulphur absorption’®®. Due to this, 
the above reaction does not reach equilibrium but a steady state 
is obtained obeying the following equation'®® : 

log (% [S] / pso, ) = 2,642 / r + 0-350 

The distribution of FeS between (FeO)-slag and metal is given 
by Bardenheuer and Gellcr"" ; 

log %(S) / % [S] 2,390 / T — 0-714 

Sulphur removal from metal to gas could occur only via the 
slag phase. In the open-hearth, this can take place during the melt- 
down period if the furnace gases are vei7 oxidising and contain 
excess oxygen which enables the formation of a separate oxide 
phase. In fact the furnace atmosphere is not so oxidising and 
some fuel remains unburned due to incomplete combustion. As 
such the sulphur pick-up by steel mostly occurs during melt-down 
when the sulphurous gases directly impinge on the bare metal. 

The Fe-O-S phase diagram’®' "® shows a miscibility gap with 
connodes sloping towards high sulphur. liquid iron sample 
containing oxygen and sulphur on solidification leads to the sepa- 
ration of a sulphur-rich liquid oxide phase. On further cooling 
the oxide phase solidifies to form inclusive which, however, in 
contrast to FeS, do not tend so much to form on the grain bound- 
aries. There is a low-melting (920'’C) ternary eutectic in the 
system containing 7-9% oxygen and 24-25% sulphur’®”-"®. 

Fe-Mn-S^" 

Manganese has always been considered as very beneficial for sul- 
phur removal. Its role in desulphurisation has been discussed 
on pp. 300-306 and 318. It reacts with FeS according to : 


FeS -f- Mn = MnS -1- Fe 
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MnS melts at r— ' 1,600®C. It forms a eutectic with FcS at 
1,170°C. 

The solubility of sulphur in iron decreases in the presence of 
manganese. There is a wide miscibility gap in the Fe-Mn-S phase 
diagram.i^* MnS is not so harmful to ‘red-shortness’ as FeS 
because the former does not soften or liquefy at hot-working tem- 
peratures (because of higher melting point) and is not prone to 
form at the grain boundaries. There is a certain amount of man- 
ganese above which the presence of sulphur as FeS can be avoided. 
Although Whiteley^** indicates a ratio Mn|S ^ 22 for obtaining 
100% MnS in the sulphide inclusions, normally a much lower 
ratio has been found to suffice in practice. The entire sulphur 
seems to be present as MnS, when 

% fMn] - 0-3 + (1-7.% rS])”". 

Steel made for good machinability and free cutting properties 
contains sulphur as high as 0-3%. The presence of enough man- 
ganese in such steel is ensured so that the entire sulphur forms 
MnS inclusions. Machinability depends greatly upon the shape 
of the sulphide inclusions and increases as they approach spheri- 
cal form. Small amounts of silicon help in the formation of fewer 
but larger lumpy inclusions which greatly improve the free-cutting 
properties”®. 


Steel always contains some oxygen and, therefore, the above sys- 
tem assumes importance in the formation of sulphide inclusions. 
If the Mn|S ratio is such that it is possible for FeS to exist, there 
is a danger of formation of a low melting quarternary eutectic 
FeO-MnO-FcS-MnS (m.p. 910°C) which may cause troubles 
during hot working. Depending upon the [S] and [O] contents, 
either MnS or FeO-MnO solid solution can form, together with 
a high melting (above 1,290”C) eutectic of FeO-MnO-MnS. 

The low melting inclusions can be avoided by an excess of Mn or 
by the removal of oxygen with strong deoxidisers like Al, Zr, Ti, 
etc. These elements also form sulphides like AI2S3, FeS.Al2S,3, 
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ZrS 2 , 2FeS.ZrS2, TiS, CaS. They are all insoluble in steel and 
their amounts are also small. 


FeO-MnO 

The system is of importance in .the deoxidation of steel with man- 
ganese. Depending upon the amounts of each, the deoxidation 
products may be solid or liquid as can be seen from Fig. 3.40(a)®^. 
The author has used this figure in computing the different zones 
of Fig. 3.9. There is no compound formation between the oxides 
and they form homogeneous liquid or solid solutions. 



FeO-MgO 

The phase diagram of the above system (Fig. 3.40b) shows 
complete miscibility of the oxides in the solid as well as in the liquid 
state as in the case of FeO-MnO. It is clear that MgO is highly re- 
sistant to the corrosive action of FeO. Even at 1,700°C, about 
94% FeO can completely liquefy MgO. Between 70-95%, a 




Temperature 



FeO 

Hg. 3 40(/>) — Foo-MgO phase diagram. 



0 20 40 60 60 
feO 


Hg. 3.40(f) — FeO-ALO-: phase diagram. 




SYSTEMS OF IMPORTANCE IN STEELMAKING 139 

two phasie system exists, liquid FeO-MgO and solid MgO. Such 
a high (FeO) content never occurs in the basic slags. 



FeO-AhO, 

The phase diagram of the above system (Fig. 3.40(c)) shows a low 
melting binary eutectic only at very high FeO contents. At 1,700®C, 
about 60% FeO will be necessary for the liquefaction of alumina. 
The system,* howcvei^, changes on introduction of silica. A ter- 
nary eutectic of 40% SiOo, 47% FeO and 13% AI 2 O 3 has a 
melting point of only 1,073°C. Even with much smaller amounts 
of FeO, there are compositions of melting points less than 1,400®- 
1,500®C..'^® Thus FeO can and does exhibit a powerful fluxing 
action on alumino-silicate refractories. 


FeO-CaO 

The above system (Fig. 3.40(<0)"’* shows a eutectic at ^ 1,070°C 
with r-* 72% FeO. The melting point increases sharply with in- 
creasing CaO and, at l,700°C, as high as 50% FeO is necessary 
for the liquefaction of lime. 
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Fig. 3.41 — The FeO-SiOa .system. (H. Scbenck & W. Wiesner. Archiv f.d. 
Kisenhurttcnwcsrn. iiG, 195(>, J ll). 


FeO-SiO, 

From Fig. 3.4 i ''*, an iron silicate is saturated with solid silica with 
roughly 50 mol per cent of each in .the range of steelmaking tem- 
perature. In wt. per cent the actual range is 50-55% FeO. The 
saturation concentration of Bowen and Schairer^'*^ is shown by 
the dotted line. The steep saturation line shows that FeO can 
flux silica only to a limited extent. 


FeO-MnO-SiO, 

This system (Fig. 3.42a) jj, importance in acid steelmaking 
as well as in the formation of inclusions when steel is deoxidised 
with silicon and manganese. As can be seen, the saturation value 
of SiOo does not vary much with the introduction of MnO in the 
FeO-SiOo system. Therefore, as MnO increases, FeO would 
decrease (the oxidising power would naturally decrease simulta- 
neously), the silica content remaining more or less constant. 




SYSTEMS OF IMPORTANCE IN STEELMAKING 


141 




Fig. 3.42 (a) — FeO-MnO-SiOa phase diagram, (b) solubility of 
silica in Fe0-Mn0-Si02 slag in the pure system as well 
as in the presence of 10% CaO or 20% AI 2 O. 1 . 
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The actual steelmaking slags are, however, always contamina- 
ted with lime and alumina. They respectively increase and de- 
crease the solubility of silica in Fe0-Mn0-Si02 slags (c/. Fig. 
3.42 (*)).•■> 

The temperatures of liquidus surfaces are also drawn in Fig. 
3.42(a). There is a ternary eutectic in the system melting at 
IjlVO^C having a composition of 47% FeO, 20% MnO and 33% 
SiOj. Low melting deoxidation products below 1,200°-1,300®C 
are possible. There is a possibility of the existence of a com- 
pound 2MnO.FeO.SiOa melting at approximately 1,400'C having 
a rough composition of 25% FeO, 53% MnO and 22% SiOs. 


CaO~FeOSiO 

This system (Fig. 3.43) is of importance in basic open-hearth 
steelmaking. The actual slag, however, consists of eight or nine 
components and it is impossible to put them in a ternary diagram. 
About 80% is made of CaO, Si02, FeO and the rest 20% are 
MnO, MgO, AloOa, P 20 r, etc. The pure system as given in the 
figure may serve as a guidance if MnO is taken with FeO, MgO 
with CaO and Al-O.-t with SiO- because of their similarity in phy- 
sical properties.®^ 

Fig. 3.43 shows the liquidus temperatures as well as lime satu- 
ration line A of Korbcr and Oelscn**** at 1,600°C for the pure 
system and that of Speith et (B) at LTOO^C for the actual 
slag, the constituents having been converted to 100%, i.e. (CaO' 
-t- FeO' -f SiO'o = 100). Line B approximately corresponds 
to Ca0|Si02 = 4 up to about 30% FeO or 37% FeO'. The 
liquidus temperatures shown will also be less in actual slags 
because of the presence of fluxing components like ferric oxide, 
fluorspar, alumina. 

The broken lines C and D show the composlticmal changes 
undergone by slags in with-ore and no-ore heats.®* Both these 
lines pass through low melting zones where the slag must be very 
fluid. As the heats proceed and increasing amount of lime dis- 
solves, the melting zone rendered viscous with refractory trical- 
cium silicate is reached. The curves move towards the FeO- 
comer in the end not only because the progressive removal of 
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carbon to low values requires increasing iron content in slag (c/. 
Pig. 3.7) but also higher slag iron is necessary for dissolving more 
lime to meet the demand of the finishing slags. 


SiO^ 



A qualitative comparison of Fig. 3.43 with the (FeO) -activity 
diagram (Fig. 4.4(a) ) shows that the initial high iron acid slag in 
ore-practicc, line C, is highly oxidising. Such a slag is capable 
of phosphorus removal though it is acidic. The activity of (FeO) 
decreases as metalloids continue to react and small amounts of 
lime dissolve, with the danger of phosphorus reversion. Such a 
slag is, therefore, usually flushed off. 

It must be noted that an increasing iron in the slag at the finish- 
ing stage would deliver an increasing amount of oxygen to the metal 
which has to be removed by deoxidisers. For lowering the final 
or residual oxygen, the author suggests refining towards F after 
the flush off. From Fig. 4.5 the activity of (FeO) is maximum 
at Ca0|Si02 r-* 2-7 for any given iron content and a profuse car- 
bon boil could be attained which would lower the iron content of 
slag and, therefore, the oxygen content of steel. Figs. 3.43 and 
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4.4<i show that the direction of F is towards a lower (FeO)- 
activity. 
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Chapter IV 


THE STEELMAKING SLAGS 

The production of steel is mainly a process of refining pig iron 
by a selective oxidation of the various impurities. We have al- 
ready discussed i i Chapter II that tlie oxidation of the dissolved 
elements produces insoluble oxides, both acidic and basic, which 
combine with adde I lime, fluorspar or other fluxes to form slag. 
The slag always contains FeO also formed from the oxidation 
of iron. This oxide has a minor solubility in steel which is of 
extreme importance since it is the principal oxidising agent. 

In converter process, the amount of air blown-in is more or less 
constant and the oxygen potential of the oxidising agent, therefore, 
remains a constant quantity from the beginning to the end. As 
such the rate and the extent of oxidation cannot be altered at will. 
The slag in such a process serves only as a reservoir for the un- 
wanted impurities and its composition is so adjusted that no re- 
version of these impurities to the metal may occur at the end. 

The extent of removal of the elements depends upon the equili- 
brium relations between the slag and metal constituents. There- 
fore, the activities of the slag constituents and the influence of 
slag composition on them are of primary importance in any steel- 
making process Since the refining is performed primarily by oxi- 
dation, the oxidising power of slag has attracted the attention of 
all steelmakers. 

In open-hearth refining process the slag plays the most impor- 
tant role. Since the oxygen carrier is FeO. it is the so-called 
‘free ferrous oxide’ or the activity of (FeO) in the slag which 
determines the amount of [FeOl or jOj in iron and consequently 
controls the oxidation processes. Thus, in the open-hearth the 
rate and extent of oxidation can be controlled at will by suitably 
adjusting the activity of (FeO) which may be effected through 
changing the composition of the slag, e.g. by the addition of oxi- 
dising agents (like ore) or by additions such as lime which lowers 
the oxide activity of basic slags. In extreme cases, the oxida- 
tion potential is nullified by additions of strong reducing agents 
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like CaC 2 , Fe-Al, Fe-Si to the slag (as in electric furnaces). The 
oxidising power of slag, however, does, not always determine the 
oxygen potential of the bath. The carbon and to a small 
extent phosphorus contents (at low carbon level) determine 
the oxygen-content of steel. 

Apart from the effect of chemical conditions and temperature, 
the viscosity of the slag is also of importance. A viscous slag 
hinders rapid oxygen transfer to the bath in the hearth furnaces 
and causes considerable build-up of oxygen in the slag as higher 
iron oxides. Such a slag may be troublesome, as it starts deliver- 
ing oxygen to the metal during the later part of the refining period 
when the slag becomes fluid due to increased temperature and 
iron-content. Further, the reactions between the metal and the 
slag take place at the slag metal interface; and such reactions are 
facilitated by the diffusion of the elements andjor compounds to the 
interface which becomes easier, the higher the fluidity of the metal 
and the slag. The area of the contact surface has also a profound 
effect on the rale of the reaction. If iron is poured into slag as 
in the Perrins process^ for dephosphorisation, the reaction is almost 
immediate. It is, therefore, not only the amount of oxygen- 
carrier in the slag but also the relative ease with which it can 
diffuse and reach the metal surface as well as the extent of the 
slag-metal contact surface that determine the ultimate rate of oxi- 
dation. It has been suggested that the better desulphurisation in 
basic processes at high temperatures is not so much due to the 
chemical reactivity as the increased fluidity of the slag. The high 
fluidity enables the slag sulphide produced at the slag|metal inter- 
face to distribute itself readily throughout the slag medium by 
diffusion. Increasing the fluidity by raising the temperature and 
by addition of suitable flux or ore must, however, be performed 
taking into consideration the steel quality, slag bulk and economy 
of the process. 

The important oxides which make up the slags in the steelmaking 
processes are divided into three categories : acidic, basic and neu- 
tral or amphoteric. A table is given below of the compounds 
believed to be belonging to these categories : 

Acidic — SiOj; P20;-i; CroO.u V.Or, 

Basic — CaO; MgO; FeO; MnO 

Amphoteric — Al^O.^; (CroO^); V^O,; Fe^O.^. 
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It is difficult to place some of the oxides in a definite group. The 
oxides Cr 203 and FeoO^i behave sometimes as acidic and are taken 
as such under certain circumstances. According to Schenck,® 
MgO behaves as acidic at high temperatures and, therefore, it may 
belong to the amphoteric group. The place of V 0 O 3 has not yet 
been definitely allotted. 

If the slag contains oxides predominantly of the first category 
it is called acidic and if predominantly of the second it is basic. 
In general, the acidity or basicity of a slag is determined by the 
ratio (basic oxides in wt. %)|(acid oxides in wt. %). If the 
ratio is more than about 1*1-1 *3 it is termed basic and if less 
than 1 it is acidic (without taking Al^O.j into account). Acidity 
or basicity in metallurgy has, however, no absolute value: while a 
certain ratio is deemed acidic in a certain process, the same ratio 
may be taken as basic in some other. In fact, the modern ideas 
about slag tend to make it rather unacceptable that either the 
acidity or basicity is a criterion for its behaviour. It is most pro- 
bable that the activities of the slag constituents such as CaO, Si 02 , 
MnO, FeO and others play the dominant role. 

Since the impurities of iron arc oxidised away to the slag it is 
natural that iron in Its turn would endeavour to reduce them to 
the metal until a state of dynamic equilibrium between the slag 
and the metal is reached. Chemical changes occurring in the 
steelmaking processes are reversible and, therefore, cannot pro- 
ceed beyond equilibrium. A knowledge of slag-metal equilibria 
can predict the ultimate composition of the metal under definite 
sets of conditions and the composition will not vary until the 
prevailing temperature and slag compositions are changed. It 
is possible by suitable adjustments of slag and temperature to 
obtain a desired steel composition and, therefore, a desired steel 
quality. Sometimes, however, a suitable compromise has to be 
made since one set of conditions may be favourable for one reac- 
tion and unfavourable for another. Although a knowledge of the 
equilibrium constant does not predict the velocity of a reaction, 
it may still be useful for investigating the conditions under which 
the reaction may approach the equilibrium as far as possible, if 
in practice it has not proceeded as far as desirable. The study of 
slag-metal equilibria has gone a long way to roughly predict the 
distribution of Mn, P, Cr, etc. and the influence of temperature 
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and slag-metal compositians on them. A quantitative relation- 
ship of the distribution of any element between the slag and the 
metal enables us not only to control the progress of a heat in 
order to obtain steel conforming to the specifications but also to 
reduce the slag bulk and the loss of valuable alloying elements in 
the slag. 

The equilibrium constant is found by using mol fractions in 
place of concentrations in the L.M.A (Law of Mass Action) 
equation in the case of ideal solutions. If the components 
mutually influence each other, the concentration terms are substi- 
tuted by the respective activities. The concentrations of elements 
in the metal are usually small and are, therefore, expected to obey 
the Henry’s law and their weight percentages arc used in the equa- 
tion. The mol fractions are calculated as follows 

Suppose a slag contains CaO — 38 *2%, MgO — 9*5%, MnO 
= 6*8%, FeO = 1 = 8*0%, SiOo = 21 *9%, P,>On - 13-5% and 
AL»0.t =: 2*0%. The alumina-content is neglected in the cal- 
culations of mol fractions. Therefore, the rest of the compo- 
nents are converted to values on I(X)% basis and further calcula- 
tions follow as shown in Tabic 4.1. 


TABLE— 4.1 



1 , 

1 

1 Total fo) 

Mol 

j 

iienl 

C.iaui 

100 grn slii<‘ 

\ 

ftartion 

CaO 

•%/"><» 

i 

-- ()•()% 1 

1*018 

0-090/1 *018 0--13 

MgO 


: 0*2^2 

ninies 

0-212/1*018 -- 0*15 

MnO 

(i.<)3/71 

- O-Olis 

i 1 

0-098/1*018 0*06 

VcO 


0*113 


0-113/1*018 0*07 

1 

Sio, ; 


0*372 j 


! 0*372/1*018 ~ 0*23 

i\Ob 

13*77/142 

= 0-097 1 

i 

0*097/1*018 0*06 


The use of concentration terms in the LMA equation very 
rarely gives ‘nonvariable’ constants. This is also not expected 
since the slags are composed of various oxides some of which 
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are acidic and some basic in behaviour and it is but natural that 
they will combine and form compounds. Schenck^ assumes that 
the most important compounds formed are 2Fe0.Si02, 2Mn0.Si02, 
CaO.SiOo, SCaO.PoOs or 4Ca0.P205 and (CaO)m .(Fe804)n 
He takes these compounds into account in his investigations on 
the derivation of his theory of slag | metal equilibrium. The com- 
pounds formed from the combination of the oxides do not use up 
all the simple reactants but certain amounts or proportions remain 
behind in an uncombined state, or as better known, free state. 
Such an assumption is not contrary to the physico-chemical laws 
since, according to the equilibrium concept, there must be a certain 
ratio between the concentration of the compound formed and that of 
the ‘free’ or uncombined original reactants. Thus, two oxides, 
the acid SiO^ and basic MnO, when melted together give a com- 
pound 2Mn0.Si02 or conversely, when the compound is melted, 
it dissociates to a certain extent into the respective oxides, the 
equilibrium equation being : 

2Mn0.Si02 2 (MnO) *1* (SiO.) 

(MnO)2 (SiO.,) 

' 2MnO.Si()2 

It is clear that some MnO and Si02 arc always in the free 
state, however small the quantity may be. But it is almost im- 
possible to determine the free quantities by chemical analysis. 
Chemical analysis is performed on solidified slags in which the 
nature and proportion of the constituent compounds may widely 
vary from those of the high temperature liquid slags. 

The chemical analysis gives only the total concentrations such 
as ‘total lime’, ‘total phosphorus’ ‘total silica’ etc., which are 
written as $CaO, $P20r>, ^SiO. etc. The ‘free’ quantities 
are written as (CaO), (PifO.-,), (Si02), (FeO), etc. The total 
concentrations have to be separated into free quantities and resi- 
dual compounds so that the LMA can be applied. This theory of 
‘free’ quantities as applied to steelmaking slags is known universally 
as the Schenck’s theory of free oxides. The compounds assumed 
to be present in slags are supposed to be in equilibrium with the 
•free’ component oxides. 

The dissociation constants of these compounds were found by 
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Schenck, assuming that the LMA was applicable to liquid slags, 
mostiy from a mass of steelmaking data by empirical methods of 
trial and error and finding the best fits. With the help of these 
results he constructed charts* at various temperatures relating the 
‘free’ constituents of slags to the total concentrations found from 
analysis. The free components when used in the LMA equa- 
tions for various steelmaking reactions furnish reasonably non- 
variable constants. The use of Schenck’s figures will be found 
in the text at appropriate places. 

Free FeO 

The concentration of ferrous oxide FeO in the slag is of funda- 
mental' importance for determining the oxidising or the reducing 
capability of the slag and also for the transfer of oxygen from 
slag to metal. The relation between free (FeO) and [O] or 
[FeO] is given by Korber and Oelsen’s* constant L at various 
temperatures. For 1,600°C, L — % (FeO)/ % [O] = 450 or 
% (FeO)/ % [FeOl 100. 

Free {FeO) in acid slags : The acid stcelmaking slags con- 
sist mainly of FeO and MnO saturated with SiOa (over 50%) 
together with about 10-12% CaO and AI 2 O 3 of which the major 
portion is CaO. In the acid open-hearth, the rate of dccarburi- 
sation is slower than in the corresponding basic process, although 
the total iron content of the slag is much higher in the former. 
This suggests that the fFeO] in the metal, which determines the 
rate of carbon drop, is less in the acid process; and as [FeOj is 
related to (FeO) by the partition constant, the free ferrous oxide 
(FeO) of the slag on its part must also be less. It can naturally 
be concluded that only a certain portion of the total FeO-content 
of the slag exists in the free state and the rest is combined with 
Si 02 (since FeO does not form compounds with MnO). Figs,* 
4.1(a) & {b) show the lines of constant frec-(FeO) in acid slags 
at 1,577° and 1,627°C. The figures for slags with 10% neutral 
constituents are not included here but they show slightly higher 
(FeO). 

Free (FeO) in basic stags : The basic open-hearth slags con- 
sist of FeO, FegOij, MnO, CaO, Pi>Or„ SiO^ MgO. AI 2 O 3 together 
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with CaS and CaFo. The presence of so many substances in the 
slag makes it difficult to ascertain the free-(FeO) content of the 
slag. Further difficulties can be attributed to the presence of 
Fe203 which is generally supposed to be formed from the FeO 
on oxidation by the heating gases. 


(a) 



[IVO ik*nol(’s iron oxidt* (libs(>l\c'(l in sled.] 


Fir. 4.1(</) — C oncentrations of free (FeO) in FcO-MnO-SiOi: slags at 
l,ri77°C’.. 1 lie silica satiiiation line is aeconling to Korber & Oclsen. (By 

permission Iroin ‘1 he IMi\sical C^liemisiry of Stedmaking’ by 11. Schcnck) . 

Schenck derived relationships between (FeO), the total iron 
content ( ^ Fe ) which is an analytically determined quantity, the 
other remaining slag constituents and the temperature. He did 
not take into account the presence of compounds like Fe20j or 
Fe;i04 at steelmaking temperatures in contact with liquid iron, or 
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of compounds of iron oxides with MgO, AI 2 O 3 , P 2 O 5 etc. Fig. 
4.2“ shows the relevant data. 


(bj 



Fig. 4A(h ) — Same as Fig. 4.1 ia), at 1,627''C. 


Schenck and Kicss^ suggest that some lime combines with iron 
as a ferrite in the form of (Ca 0 )ni.Fe 30 .j where ni can have values 
from 1 to 4. They have taken an average value of /n ~ 3 which 
agrees well with their calculations. 

Free and Combined Silica 

Although it is possible for silica to combine with MgO, AI 2 O 3 
and other minor basic and amphoteric oxides, their compounds 
have been neglected by Schenck and Ricss^ for deriving the free 
silica values. Instead of giving the free silica values, they have 
indicated directly the Mn- and Si-contents of the metal in contact 
with slags of different compositions, as shown in Figs. 4.2 and 6.7. 
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Note: (SCaO) in the ordinate should read ( SC.aO) ' 

Fig, 4.2 («) — Conecntrations ol free (FeO) and free (C:a()) in add & basic 
openhearth slags and equilibrium concentrations of Mn and Si in steel as a 

function of total silica S SiOa & corrected lime content (Jg CaO) '= (HECaO) 

1-57 (P 2 O 5 ), for 10% (SFc) and 5% (SMnO) in the slag at 1,627 "C. (By 
permission from ‘I'hc Physical Chemistry of Steelinaking’ by H. Schendc) . 

Free and Combined Ume 

In the usual basic slags with less than 3-5% AlsO*, the reac- 
tion between lime and alumina can be neglected. But PsOs is 
strongly bound with CaO and it has long been controversial 
whether PaOs in the slag is present as SCaO.PaOs or 4Ca0.P20B. 
Schenck has finally assumed the formation of tertaphosjriiate so 
that — 

(CaO)p ^05 = 1 - 57 ( P^Or.), or ( $CaO) = 1 - 57 ( ^ P^Ob) 

+ ( ^ CaO') 4.1 
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Fig. 4.2 shows the free lime in basic slags. 


•mi — fsg 


Fig. 4.2(/)) — Same as Fig. 4,2(fl), (SFc) cIikI 

blag. 


fSMnO) ill tlie 


Combined Phosphoric acid or phosphates 

Phosphates in slag on analysis arc represented as P-Or*. For 
all practical purposes the P-O.-, is combined with CaO as tri- or 
tetra-phosphate or both. There is none or a negligible quantity 
of P2O6 in the free state, if not for any other reason, at least due 
to the high vapour pressure of P2O5. 

Schenck assumes the presence of 4CaO.P20f. for mathematical 
simplicity and as such the phosphorus equation should be as given 
in the preceding section. 
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Free, and Combined MnO 

MnO forms with silica only an orthosilicate — 2MnO.Si02. The 
manganese in the metal, instead of free MnO in the slag, is shown 
in Figs. 4.2 and 6.7. 



fOiO) 


fsi/ 



The use of free quantities in the LMA equations presupposes 
the ideal behaviour of slag. It is true that the values calcidated 
by Schenck and others with this assumption are of great practical 
applicability be>.ause the equilibrium constants themselves have 
been found out from a mass of stcelmaking data by trial and error 
methods. But, in fact, all the slag constituents do not behave 
ideally, especially ai high concentrations. Schenck's concept of 
slags as combinations of various oxides, with ultimate electro- 
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neutral compounds, contradicts also the findings which show con- 
clusively the electrical character of the slags. Slags have been 
found to conduct electricity and dissociate into ions. 



The proper non-variable constant can only be obtained if, in 
place of the concentrations, the activities of the reacting substances 
are used. The principal difficulty in the application of physico- 
chemical laws, for ascertaining the equilibria in the metal/slag 
and slag/gas reactions, has been the lack of knowledge of proper 
activity values of the various substances involved in the metal/ 
slag/gas phases at steelmaking temperatures. 

It is, however, true that certain specific slags, formed from 
oxides, behave ideally and the activities of the constituent oxides 
approach their mol fractions. This may happen in slags where 
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the oxides show solid and liquid solubilities in wide ranges of 
oompositions, as for example, in the FeO-MnO system (Fig. 
3.40a). The equilibrium constant K of the system (FeO) -|-[Mn]=: 
(MnO) + [Fe] has been found to be non variable by taking the 
mol fractions of FeO and MnO in the pure FeO-MnO slag. 

In the Fe0-Mn0-Si02 acid slags, the (FeO) behaves ideally, 
i.e. the mol fraction of (FeO) is approximately equal to its acti- 
vity, although FeO and Si02 form silicates. The reason for the 
applicability of Raoult’s law in this case may be that, at high 
temperature and in the liquid state, the silicate is completely dis- 
sociated. That L = %(Fe0)/%[0] is a constant (cf. p. 9) 
even with an acid slag,^" can only mean that (FeO) must be 
present in a ‘free’ or uncombined state in such a slag. 

Various workers'* have shown that the activity of FeO does 
not follow Raoull’s law in acid slags — FcO-SiO^, FeO-AloOa- 
Si02, etc. Attempts have been made to elucidate the constitution 
of basic slags on the assumption that the (FeO) behaves ideally® ®; 
and any deviation from the Raoult’s line does not necessarily mean 
that such slags are not ideal with regard to (FeO) but, rather, 
the methods of calculations for finding the mol fractions are at 
fault. Efforts have been made to find out the constitutions of 
various slag compounds which give the values of the mol fractions 
of (FeO) that tend to follow the Raoult’s law when plotted against 
the FcO-activity. 

Taylor and Chipman’’ have studied the FeO-activity in the 
basic slag CaO-FcO-SiO- that contained MgO and Fe-jOs as im- 
purities. Their activity diagram in the ternary system is similar 
to that of Turkdogan and Pearson^® (see Fig. 4.4a) and shows a 
symmetry of the iso-activity lines about the composition of 
2Ca0.Si02. For a basic slag containing CaO more than that 
necessary for the formation of the compound 2Ca0.Si02, an 
assumption of the presence of the following compounds has been 
made, viz: CaO, CaFe^Oi and 2Ca0.Si02. A plot cf the activity 
of FeO against the mol fraction on such an assumption shows a 
deviation from the Raoult’s line. If, however, it is imagined that 
2Ca0,Si02 exists as doubly associated, i.e, (2Ca0.Si02)2 or 
Ca4Si20s and the activity and the mol fraction of FeO replotted, 
the Raoult’s line is very closely approached as shown in Fig. 4.3 

It is a matter of doubt whether FeO actually behaves ideally in 
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f i^agg It is true, in some cases satisfactory equilibrium relations 
have been obtained in the slag-metal systems, but it must be ad- 
mitted that in calculating the concentrations such as ‘free FeO’, 



F|o 4 3_Activity of FeO in liquid basic slags assuming two different coin- 
binations of lime & silica. (G. Dorgc it M. 1'cnenbauro. Basic Openhearth 
Steelmaking, AIME. Copyright 1951) . 


‘free CaO’ and the like, arbitrary assumptions have been made 
regarding the slag constitutions. Because of such assumptions, 
these equilibrium relations hold good only for certain slag and 
metal compositions and fail in other case* where the real con- 
centrations do not correspond with the activities. 

If, in the place of molal concentrations, the activities are used, 
there is no need of making any arbitrary assumptions about the 
constitution of the slag vis a vis the slag composition. It is 
enough to know the change of the activities of the various consti- 
tuents taking part in slag-metal reactions with varying slag com- 
positions. The use of the activity method in equilibrium calcula- 
tions has been discussed for manganese, phosphorus and other 
reactions. The activities of some slag components in different 
slags are given in the following sections. 


Activity of FeO 

The activity of FeO in steclmaking slags 
ratio of the actual oxygen content of iron 


is measured by the 
under the particular 


11 
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slag to the maximum solubility of oxygen under pure-FeO-slag 
at that temperature (c/. p. 64). Calculations made on this 
basis, with slags of difFerent compositions, ^ve iso-activity curves 
which are useful for practical purposes. The activities and acti- 
vity co-efficients of FeO for basic and acid slags are given below. 



,W 0'05 

ft 

< 

^ 0'04 O'OS 

ION fRACT/ON Of FLUORINE 


(b) 


012 


Fig. 4.4 — {a) Activity of iron oxide in basic slags (Turkdogan & Pearson). 
Area inside dotted line represents common basic openhearth slags. Line LS 
represents approximate lime saturation in such slags. 

(h) Lffcct of fluorine on FeO activity (Pearson) . 

Basic open-hearth slag^'^^ : It has been found that the bases 
CaO, MnO, MgO are equivalent as regards their effects on the 
activity of FeO, i.e. it is not their individual concentrations but 
rather the total concentrations in terms of mol fractions that 


THE STEELMAKING SLAGS 


163 


matter. Similarly Si02 aad PaOs, provided the latter is less than 
0*1 mol fraction, are equivalent. AI2O3 has apparently no effect 
and the mol fractions are calculated without tal^g it into consi- 
deration. Any Fe20s present, is converted into FeO and added 
to the analytical FeO-content (FeOtotal= % FeO + 1-35 % 
Fe208). The bases and the acids and the FeO thus calculated, form 
the three comers of a pseudo-temary diagram. The (FeO) -activity, 
found from the oxygen analysis of pure iron equilibrated under 
each slag composition, is drawn in the figure. The iso^activity lines 
of (FeO) thus found are shown in Fig. 4 . 4 a’*. It may be men- 
tioned here that the apeO is independent of temperature. The area 
inside the dotted line represents common basic open-hearth slags. 
The line LS shows the approximate lime-saturation at steelmaking 
temperatures.’^ It is, however, not readily apparent how apeO 
changes with the basicity and the iron oxide content of the slag. 
In order that the figure may be useful for practical purposes. Fig. 
4 . 5 ’“ has been drawn. It is clear from the figure that the apjO 
increases with the (FeO) -content of the slag and that, for any 
given (FeO) -content, the activity increases with increasing basi- 
city in the acid-range but decreases in the basic-range slags. 



0 z A b 

CaO/SiOz 


Fig. 4.5 — Dependence of FeO activity on basicity. 

It has been found that fluoride ions, from the additions of 
flut^par to basic slags, increase the ap^O in comparison with 
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fluorine-less slags by an amount A opeO (can be estimated from 
Fig. 4.46). The term ion fraction in Fig. 4.46‘® is found by 
dividing the weight of F in 100 gm of slag by its atomic weight 
(19) and further calculations follow as with other mol fraction 
values. The lime part of CaF 2 is included in the mol fraction of 
CaO. The preliminary value of apeO is found wito the help of 
Fig. 4.4fl from the mol fractions of (CaO, MnO, MgO), (SiOj, 
PaOn) and (FeO) to which is added A opcO for calculating the 
actual flpeo- 

Thomas slags : The activity of FeO in Thomas slags is deter- 
mined in the same manner as in basic open-hearth or other slags. 
The subject has been discussed on pp. 101, 111 and 271-74. 



Fig. 4.6 — (fl) Activity of (FcO) in silica saturated FeO-MnO slag (solid 
line). Change of FeO with MnO (dotted line). (6) relation of activity 
coefTidcnl of (I'cO) in the same slag. Values with 10% CaO or 20% AlgOi 
also intliided. (H. Selienck & (;. Wiesner, Arrhiv f.d. Eisenhuettenwesen, 

27. 19.56, 5) . 


Acid slags : Schenck and Wiesner'* have determined the acti- 
vity and activity co-efficient of FeO in SiOa-saturated FeO-MnO- 
SiOa slags, which arc self-evident from Figs. 4.6(a) and (6). 
The deviation from R (Raoult’s line) is also shown. Fig. 4.6a 
also shows the change of FeO with MnO in the above slag. The 
y -values for slags containing about 10% CaO or 20% AUO# 
are also included in Fig. 4.66. The increase of yPeO caused 
by the introduction of 10% CaO is much more than that by 20% 
AUOa. In the acid open-hearth it has its importance since lime 
is sometimes added to increase the boil, caused by the increased 
activity of (FeO) and the consequent increased carbon reaction. 
The values are valid for the liquid portions of the slag only. 







Fig. 4.7— -Activity of (MnO) in basic openhearth slags. Base (CaO-f MgO), 
Acid (SiOa + P 2 O 5 ) in mol fractions. (By courtes)' of Iron & Steel 
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Activity of MnO 

The activi^ of MnO of any slag can be found out by equilibra* 
ting the slag with iron at any given temperature. The manga- 
nese reaction is given by Eq. 3.15 from which 

^MnO = ^Mn*®FeO-%[Mn] 4.2 

The value of given temperature is given by Eq. 3.17. 

It is assumed that K ^ > which has been derived from experiments 
with pure FeO-MnO slags, will still be valid for any slag where 
the (FeO) and (MnO) are defined by their activities and not by 
their molar concentrations. The values of UpeO taken 

from Fig. 4.4a for basic slags and from Fig. 4.6a for add slags. 
Where the slag compositions are such that ap^o cannot be evalua- 
ted immediately, the actual oxygen-contents of the metal under 
such a slag, with the help of Eqs. 3.6 and 3.6a, will furnish the 
activity values. The activity of MnO has been found to be 
independent of temperature for all practical purposes. 

Basic openhearth slags ; The iso-activity curves of MnO are 
drawn in Fig. 4.7’®’^® (o), (&) and (c), they being sections at 
different (FeO) -concentrations, viz: Np^o = 0-05, 0-1 and 
0-2 respectively. The total iron content of the slag is calculated 
as FeO. The range of composition covers more or less the slags 
of basic steelmaking interest. For any (FeO) -content other than 
the three given values, a linear interpolation can be resorted to, 
e.g. if a MnO is required for NpeO =0-07 and given base and 
acid values, the activity is found from Fig. 4.7 (a) and (h) for 
IVpeO = 0‘05 and 0-1 and then the aMnO for ^VcO — 
is simply evaluated (see p. 226). 

A close study of the three sections of Fig. 4.7 will show that at 
given values of N bagg ^ MnO > ao increase of FeO (i.e. a 

simultaneous decrease of iV ggy ) lowers the umhO I whereas 
slags, having higher initial base, show a tendency of increasing 
a MnO with FeO additions. These diagrams are valid for all tem- 
peratures within the steelmaking range. 

A comparison of the activity co-efficients of FeO and MnO 
shows that, with the increase of base, the activity of FeO increases 
by a much greater extent than the activity of MnO. This indicates 
a greater stability of Mn-silicates than that of iron. 



THE STEELMAKINO SLAGS 167 

Acid slag : Fig. 4.8“ shows the iso-activity curves of MnO 
on only a portion of the FeO-MnO-SiOj ternary diagram, from 



Fig. 4.8 — Iso-activity curves of MnO on a portion of FcO-MnO-SiOa 
diagram from the line of silica saturation to NsiO* of about 
0.45. (By courtesy of Iron & Steel Institute). 

the line of silica-saturation to about Nsjoa =0*45. A com- 
parison of this figure with Fig. 4.4^ brings out the fact that ^MnO 
is reduced, by an increasing acid (SiOg), to a much greater extent 
than in the case with af^^Q . The cause is the same, that is, the 
greater stability of manganese silicate. The values, of eourse, 
are valid for the liquid portion of the slag only. 

Recently, Schenck and Wiesner® have carried out experiments 
on the manganese reaction with silica-saturated FeO-MnO-SiOa 
slag and the activity and activity co-efficient values derived there- 
from are given in Figs.''* 4,9 (a) and (b). In Fig. 4.9a, the 
curves show the variations of a^n 1540°C in pure system 
as well as for slags with 10% CaO and 20% AI 2 O 3 . The ideal 
line R (Raoult’s line) is also shown. The negative deviation of 
a MnO from ideality is very prominent in all the three cases. It 
is to be noted here that even the addition of lime gives lower a MnO 
than corresponding to pure FeO-MnO-SiOy slag. This is further 
clarifi.ed in Fig. 4.9fc where additions of CaO (and AI2O3) give 
considerably lower values of the activity co-efficientyMnO 
in the pure silicate slag. The cause of such a behaviour is pro- 
bably due to the ferrous silicate being less stable than the manga- 
nese counterpart; the initial addition of a base like CaO releases 
iron from its silicate (resulting in higher ypeO > Fig- 4.6), 
whereupon manganese becomes more stabilised. (See also p. 245)* 
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Fig. 4.9 — Activity & activity coefficient of MnO in FeO-MnO-SiOi: slags. 
(H. Sthciuk K: ^^’i(•slu•r, Arrhiv f.d. Eiscnhnctlcnwcsen, 27, 1956, 9). 

Activity of CaO 

It is difficult to evaluate the activity of lime in complex slags. 
No reliable data are available. There are some available for 
simple slags. 

Activity of P^Or, 

The activity of PoOr, has been determined empirically and 
discussed on p. 267. 

Multiple Slagging^- 

Slag is formed from compounds (insoluble in metal) of both 
desirable and undesirable elements in steel. The physico-chemical 
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laws, however, apply equally in both the cases. The amount of 
any element going over to the slag depends upon the extent of 
chemical reaction undergone as well as on the total quantity of 
slag. One of the simple ways of finding the extent of slagging 
is by the distribution ratio of any element or substance betw'een 
the slag and the metal : 

“ (x)/fx] 

where “ distribution ratio 

[x] and (x) ^ concentrations of substance x in 

metal and slag respectively. 

Evidently the maximum ratio is given when the system is in 
equilibrium, i.c. 

"x(max) (^)/txJ (equilibrium). 

Experience shows that the greater the values of f^x{m'dx) 
the higher is the nx . 

Many steelmaking reactions attain equilibrium and in such cases 
nx and «x(max) identical. Although the dependent 

on the temperature and slag composition, it is not always possible, 
in practice, to adjust these variables according to one’s desire in 
order to obtain high values of the index cases, 

either the slag bulk has to be increased or double or multiple 
slagging resorted to, if a small value of [x] is aimed at. An in- 
crease in slag bulk leading to a dilution, induces x to migrate from 
metal to slag in order to maintain the ratio , based generally 
on wt. %, constant. The same is true for multiple slagging as 
well. 

The degree of elimination of any substance from the metal 
to slag is given by 


Wx= = l-W/[Xo] 4.3 

where [x^ ] and [x] are the initial and final contents of x in steel. 
The per cent elimination is given by 

ly — 100 4.4 


fijj is related to Eq. 4.3 by [x] = [x^ 


4.5 
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where m = wt. of slag per unit weight of steel, e.g. slag per ton 
of steel. 

Example : Initial sulphur [Sq ] = 0-06%, «g = 10 and m 
= 0-15. From Eq. 4.5, [S] = 0-024. Therefore, from Eqs. 
4.3 and 4.4, the per cent desulphurisation IFs = 60%. On 

increasing the slag volume (say, m = 0-3), [S] = 0-015% and 
= 75%. 

It is true, in steelmaking, phosphorus and sulphur can be eli-< 
minated to a great extent by increasing the slag volume, yet it has 
its own inherent difficulties. When n is small, it is advantageous 
to resort to double or triple slagging for obtaining quality steel. 
In the basic open-hearth, when the amount of phosphorus in the 
charge is not very large, it is possible to obtain low [P]-content 
in steel; but even in such a case, ‘flushing’ the initial slag and 
making a new one would protect against the danger of any subse- 
quent rephosphorisation and resulphurisation. In America such 
a ‘flushing’ practice is widespread and is carried out during the 
foaming of slag at the start of refining. In the Thomas, Kaldo 
and other processes also, the so-called ‘fine dephosphorisation’ is 
carried out by changing the initial slag. In the basic electric fur- 
nace, the oxidation period is followed by deslagging and subse- 
quent refining with reducing slags. 

The success of double or multiple slagging depends upon the 
amounts of the slag removed and renewed. If it is possible to 
deslag completely, then the final concentration of x is given by: 

1 

[xj] = [x„J 4.6 

«i and rii arc the indices with slags 1 and 2 and mi and ma the 
slag bulk in tons per ton of metal. 

However, it is practically not possible to run off the entire slag 
and some slag always remains behind and is incorporated in the 
renewed slag. If an amount mi* is run-off from the 1st slag and 
the new slag made of amount ma, in such a case 

l-l-ni.(mi-mi*) 1 

[xal = [Xol 

Wi.mi+l n2.W2+l 
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Example : [So] = 0 06, mi = 0-15, mi* = 0 07, nh = 
0*12, Ml = 10, n2 = 15. 

From Eq. 4.7, [Ss] = 0 015%, W — 75%. 

Without run-ofif, from Eq. 4.5, the respective quantities are 
[Sil = 0 024% and W = 60%. 

Here, we may consider whether and to what extent the multiple 
deslag^ng is useful and necessary. The ratio of the concentra- 
tions of [x] after the 1st and 2nd slag is given by : 


[Xa] l+Mi.fmi-m,*) 1-f-Mi.Ami 

= — 4.8 

[xil l+na-m- l+Mz-ma 

where Ami = nii-mi*, the amount of slag left behind after 
deslagging. 

From Eq. 4.8, we can derive the following conclusions : 

(a) Running-off the slag is unnecessary when iti-Ami = n^.ms, 
i.e. [xo] = [xi]. 

{b) Running-off may be resorted to, i.e. [xa] < [xi] when mi. 

Ami < Mama. 

<c) Reversion from slag to metal may take place, i.e. [xal > fxi] 
when Ml. Ami > nama. 

Ionic Theory of 

It is true that satisfactory equilibrium relations have been ob- 
tained by the use of activities instead of molar concentrations in 
the LMA equations. It is, therefore, not necessary to make any 
arbitrary assumptions about the constitution of slag vis-a-vis the 
slag composition. It is enough to know the change of Ae acti- 
vities of the various constituents taking part in the slag-metal reac- 
tions with the varying slag compositions. But granting ftat, for 
practical purposes a knowledge of the chemical potentials of the 
various slag constituents is sufficient, yet it is worthwhile to know 
the fundamental picture of the structure of slag molecules, their 
constitution and their relations with the slag behaviour so that it 
is possible to improve the slag technique. 

Slags are known to possess electrical properties. The visco- 
sity,*® electric conductance*^ and electrolysis of the slags prove 
beyond doubt that they are ionized** in the liquid state. Crystal 
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analysis of solid silica shows that silicon occupies the centre of a 
tetrahedron surrounded by 4 oxygen atoms, one at each of Ae four 
comers. The structure of solid substances cannot be expected 
to undergo, ordinarily, a sudden change on fusion so as to be 
altogether different from the former solid structure. The trans-, 
formation from the solid to the liquid state signifies an enlarge- 
ment of the intermolecular distances accompanying molecular 
expansion due to thermal agitation. But the co-ordination is ex- 
pected to remain within a limited distance, as in the solid state, 
although the configurational regularity of the structure is dis- 
turbed. Thus, although the actual geometrical structures of the 
solid silicate tetrahedra and the liquid silica may vary, their basic 
features may be expected to resemble each other. Fig. 4.10’^* 
points to the little change of entropy and, therefore, of disorder 
of slags on fusion, as is evident from the almost horizontal scope 
of the frec-energy curves. 


0 
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“ MgO + SiO-MS^'-'^ 


2MgO i'SiO 2 ^M^zSi 04 

-zo 

— 


CaO-f Si0i= Ca-SiOf 

1 




ii! -30 

— 
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ZCaO = CttjSiOj, 
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1 1 1 1 L 1 


I I I I I 1 1 — 

400 800 1200 IbOO 
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Fig. 4.10 — Free energies of formation of some slags. 

The (Si 04 )<- or (PO 4 )*- ions, which are regarded as individual 
tetrahedral structures with Si or P at the centre and the oxygen at 
the four corners, can be assumed to exist also as ions in the com- 
jrfex silicates and phosphates. Silicates, phosphates and also alu- 
minates are co-ordinated tetrahedrally. 
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When, for example,*® *® CaO enters into combination to form a 
silicate, two silicon-oxygen bonds are opened up giving rise to 
Si-O-Ca bond formation, the structure on the whole remaining 
neutral. As the CaO increases and the orthosilicate 2Ca0.Si02 
is approached, the tetrahedral network gradually breaks down. 
Due to the entry of Ca'*"'' ions in the silicate structure, the electric 
charge of the molecule becomes unbalanced, since Ca++ is much 
larger than Si* * and the field of electric force naturally 
comes closer to Si-ions rendering the silicate highly ionized. 
In the case of phosphorus, whose ions are similar to those of 
silicon, with more or less identical chemical properties, it is pos- 
sible for them to interchange their places in the tetrahedra. If 
it is really possible for P to replace Si, then a relatively acid slag 
should be able to help in the dephosphorisation; in fact, it has 
been found to do so to a certain extent. If on the other hand, 
in place of large cations like calcium, smaller ones like Fe++, 
Mn++, Mg++are present, they tend to attract the oxygen atoms 
in the complex more strongly than the Ca++ ions do. The density 
of the negative charge is, therefore, naturally diminished in the 
periphery, rendering (Si04)*’ more easily liable to polymeriza- 
tion ; 

2 (Si 04 )*- = (SIoOt )«* + 0*- 

3(Si04)*- = (Si30,„)«--f- 20=*- 

The polymerization reaction leads to an increase of the oxygen 
ions. Thus, in an acid slag, it is not possible to estimate cor- 
rectly the content of the oxygen ions. A correct estimate*® can 
be made when the number of calcium ions is more than that of 
Si04*' ions, i.e. when Ca-i"*-/(Si04)‘*- > 1. This ratio covers 
more or less the entire range of basic open-hearth slags. 

Aluminium can enter the tetrahedra as long as its co-ordina- 
tion number is 4. With high percentage of aluminium, the num- 
ber is 6 and no longer enters the tetrahedra. Sulphide can 
replace oxygen and be stabilized, as the positive Ca+"'' ions in- 
crease. The ions, which Herasymenko and Speight*® assumed to be 
present in basic slags, are 


Fea■^, Fe*-^, Mn**•^, Ca=*-^, Si04*-, P04®-,A103® , 0=*-, S=*- andP. 
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In the basic slags, there is always present an excess of oxygen 
over that necessary to bind silicon, phosphorus and aluminium to 
complexes. The tetrahedral structures of silicates and phos- 
phates are s^ble in an excess of oxygen and, therefore, (Si 04 )^‘ 
and (P 04 )®“ in the basic slags may be considered to be inde- 
pendent simple structural units. The anion AlOs^- has been 
assumed to be stable in such slags. The tervalent iron has been 
assumed to be present as Fe®+. According to Herasymenko,^®’ 
the existence of FcoOr,^' ions, as suggested by Chipman and 
Chang,23 offers no advantage over that of simple Fe®+ ions. 

In 1938 Herasymenko^® applied the ionic theory to the slag- 
metal equilibria. Instead of mol fractions, he used ionic fractions 
of the slag constituents (number of gm ion of the particular anion 
or cation divided by the total number of gm ions of anions plus 
the cations) in the LMA equations, for calculating the equilibria. 
It is improbable, however, that such calculations will give ‘cons- 
tants’ for all slag compositions since the ions in slags are not 
completely disordered and the anions naturally tend to surround 
the cations and vice versa. 

Herasymenko and Speight^® applied the ionic theory to the 
slag-metal equilibria in the basic open-hearth furnace with consi- 
derable agreement to the practical steelmaking data. Their 
calculation of ion fraction is cited in Table 4.2, the slag analysis 
being : 

48-9% CaO; 6-7% MgO; 1-6% MnO; 9-0% FeO; 

3-3% FeoOs; 14-4% SiOz; 13-3% 4-1% AI 2 O 3 . 

According to Temkin,^*^ the slag is completely ionized and each 
cation is surrounded by anions and vice versa. The slag solution, 
therefore, contains two ionic species both behaving ideally and 
each species is completely disordered so that one anion position 
can be replaced by another anion at random. The same applies 
to cations as well. If in any slag melt Ca++, Fe++,Mn++, Mg* + 
are present, then the ion fraction of say, Mn, will be : 


NMn2+ 


nMn^+ + nFe®+ + nCa2+ -f fiMg® + 
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where N = ion fraction 

n = number of gm ions 
Since the melt behaves ideally, 

Such propositions of ideality are open to serious objections 
since it is improbable that the various anions or cations are asso- 
ciated equally with the different oppositely charged ions, irres- 
pective of their size, charge and co-ordination number. The free 
energies of interactions between the various ions cannot be equal 
and thus there will be preferential associations between parti- 
cular pairs of anions and cations whose free energies are com- 
paratively small than the others. 

The ionic theory is still limited in its applicability to slag-metal 
equilibria. It has succeeded in explaining certain reactions only 
under prescribed conditions. It is expected that further work in 
this regard will establish the theory on a sounder footing. 

The ionic theory has been profitably applied for explaining the 
decarburisation in acid open-hearth.®^ Chipman and Chang®® 
have elaborately discussed the suggestions of O. N. Lewis,®® about 
the definition of acids and bases. According to Lewis, a base 
such as oxygen ion O®' is capable of supplying electrons which 
are available for entry into the valence electron shell of an atom 
of another molecular species and thereby form a bonded struc- 
ture. Such a species having such an atom capable of receiving 
these electrons is defined as an acid. According to this theory, 
the more basic oxides, e.g. MnO, CaO, in a slag would furnish 
O®' which can be taken up by any acidic species like SiOa. Silica 
undergoes change in its acidity, as it takes up more and more of 
oxygen ions from increasing amounts of basic oxides, becoming 
progressively more basic. The steps are shown below :®* 

Si02 

2Si02 -f O®- = (SisOs)® 

(SizOs)®- -t- O®- = 2 (SiOa)®- 

2(Si03)®- -t- O®- = (SiaO,)® 

(SiOs)®- -f O®- = (Si04)^- 


acid 


eso 

B 


C3 

flj 


U 


T3 4' RJ 

basic 
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TABLE— 4.2" 


Gram ions, 

* isli 

/VCa’*"*' ~ 0-8715 

56-1 

G-7 



40-3 

I -(5 

^Mn++ 

70- 9 

9-10 

VFe++ -= ^>*1253 

71- 8 

2.3-3 

A'Fe+++ = 

159-7 

il-4 

A^SiOi"" 0‘2I00 

(iO 

2.13-3 

A^ PCX'" = 0-1 S7I 

112 

2 . 1-1 

^AIO/" = O-OHOl 

101-9 


A^o- 0-3G61 

Total number of ions 
N = 2-1009 


G7am tons of oxygen Gram tons of oxygen 
from metallic oxides consumed by anions 

A/'Ca'^*^ =r 0-8715 

= 0.1663 

A^Mn+*^ =• 

A'Fe++ = 0-12.53 
3/2.VFe 0-0619 

2VsiO. = 0-4800 
3/2.Vpo, = 0-2806 

3/2A^A10., = 0-1206 

I'ot^: 1-2476 Toial : 0-8812 

less 0-8812 

Nq (free) = 0-3661 


(Ca++ ) = 0-415 (Fe+++ ) = 0-020 

(Mg++ ) = 0-079 (Si04"" ) = 0-114 

(Mn++ ) = 0-011 (PO/" ) = 0-089 

(Fc4+ ) = 0-060 (AIOb"' ) = 0-038 

(O") = 0-174 


Ionic fraction 
JVi/.V 
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With the normal range of acid slag analysis (Si02 = 43 * 58 % 
and FeO -f MnO = 42 - 57 %), it is surmised that the predomi* 
nant silicate ions in such slags are (Si205)2‘ and (SiOs)*-. 
It is possible that these ions are always present together with 
those of Fe*+, Mn 2 + and O^". It is also assumed that the two 
silicate ions are in equilibrium : 

2(Si03)2- (SiaOs)*- + O- 

At high temperatures, the forward reaction is more favoured and, 
thus, oxygen is released for reaction with carbon in the bath. 
There occurs a simultaneous migration of Fe (or Mn) to the 
bath. 

It is thought that the basic oxides FeO, MnO, CaO have the 
same function of supplying oxygen ions to silica to form less 
acidic silicate ions (SioO.,)-' and (SiO.O^" Since FeO and MnO 
are almost of the same basic strength, FeO furnishes the excess 
oxygen if its amount is more than that of MnO; whereas if the 
amount of the latter is higher, then it supplies the oxygen and Mn 
migrates to the metal. High MnO slags always show an increase 
of Mn in the metal during the carbon elimination. 

As has been stated on p. 51 , the decarburisation velocity 
decreases if there is a cut back in the fuel or the temperature is 
reduced or kept constant. This may be because (81205)*' is 
less stable at lower temperatures and solid silica is fweeipitated : 

(SiaOs)* ^ SiOo (solid) + (SiO:,)“ 

Fitterer** has used the ionic theory of slag for the explanation 
of certain phenomena in acid open-hearth steelmaking practice 
in America. He concludes from the behaviour of the acid open- 
hearth slags that they probably contain, at all times, at least two 
silicate ions, (Si20B)*’ and (SiO^)*' together with the oxide or oxy- 
gen ions O*’ and opposite ions of iron and manganese. Basic oxides 
like MnO or CaO, when brought in the slag, ionise to give more 
oxide ions which may either form silicate ions containing more 
oxygen or themselves react with the metal bath and its consti- 
tuents. Of the two silicate ions, (Si205)*‘ is more stable at 
hig^r temperatures. Therefore, mere raising of the temperature 

12 
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will make (SiO.i)"’ to give (Si 206 )^' and free which increases 
the carbon removal. If the MnO-content of the slag exceeds 25%, 
it furnishes the excess O-" needed for the carbon reaction instead 
of FcO, whose concentration must necessarily be lower since 
SiOa remains more or less constant. As a result, the manganese 
migrates from the slag to the metal. 
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Chapter V 


THE REACTIONS AND REMOVAL OF CARBON 

General 

The oxidation and removal c.'’ carbon is one of the most impor- 
tant reactions of steelmaking. Carbon in steel bath reacts with 
dissolved oxygen or ferrous oxide .vith the evolution of carbon 
monoxide. Jn the pneumatic stcelmaking processes, the removal 
takes place within a few minutes whereas in the open-hearth the 
time taken is longer and, therefore affects the economy of the 
furnace. It is said that a minute saved in the production time 
of a modern open-hearth furnace means a ‘cost above’ economy 
of about a pound sterling. I he duration of an open-hearth heat 
depends largely on the time taken for the elimination of carbon 
to the desired extent and, therefore, the rate of carbon removal 
has assumed considerable interest to the steelmakers. 

The hoiling action observed in the open-hearth is due to the 
evolution of carbon monoxide formed during tlie carbon removal. 
The bath obtains its oxygen from the slag and, therefore, the 
reaction can take place either on the metal-slag interface or in the 
bath itself. As we will see later, the violent agitation of the bath 
takes place because of the reaction occurring mainly in the bath 
itself. This agitation exposes a larger surface of the metal and 
the slag to the heating furnace gases which enables an easier and 
speedier transmission of heat by radiation. This movement also 
enables the entire bath to be heated up by convection. It, 
further, increases the rate of removal of other metalloids since 
their removal from the bath to «iag occurs mostly on the slag- 
metal interface recjuiring eas}’ dilTiision and elimination of con- 
centration gradients in the metal and the slag. In fact, without 
the ‘boiling’ action and the consequent violent agitation Ihe open- 
hearth process would have been uneconomical and unsuccessful. 
The silica roof (m.p. ^ 1.720"C) and the steel temperature of 
1,600°C or more hardly allows about lOO’C to play about for 
heating up the bath. This is impossible without an efTieicnt 
transmission of heat. 
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The removal of carbon from the metal probably occurs accord- 
ing to the following equations : 

[FeO] + [C] «« [Fe] + CO (gas) 5.1 

Or, [O] + [C] CO (gas) 5.2 

ITie supply of oxygen or FeO to the ba^ from slag takes place in 
part from .the open-hearth furnace atmosphere and to some extent 
from the feed-ore as well. The mechanism of oxidation of the 
open-hearth metal has already been discussed (cf. p. 42). 
Since the oxygen mainly supplied by the slag, the boil may be 
stopped or slowed down if this supply is stopped or restricted by 
the adjustment of slag composition or by other additions. If at 
any time the iron oxide content of the slag (and of the bath, 
since they are related by partition coefficient, cf. p. 63) is 
insufficient for a proper carbon boil, high quality iron ore or 
oxygen gas may be fed to restart or accelerate it by increasing 
the oxidising power of the slag. 

We may assume the following reactions taking place (i) reduc- 
tion of FejOa or Fc;t 04 in the slag by metal to ferrous oxide 
which remains in the slag, (i7) the transfer of FeO from the slag 
to metal, (in) the reaction between carbon and oxygen (both 
dissolved in the bath) and the formation of CO (and a little, 
of CO 2 ) which remains dissolved and, (iv) the evolution of CO 
dissolved in the bath which is the well-known boil : 


FcaO^ (or FeaO:i) 4- Fe 

= 4 (or 3) (FeO) 

5.3 

(FeO) 

= [FeO] or [O] 

5,4 

[FeOl + [C] 

= [Fe] + [CO] 

5.5 

[CO] 

= CO gas 

5.6 


The final reactions are as given in Eqs. 5.1 and 5.2. 

A further source of oxidation of carbon is carbon dioxide which 
is obtained from the charged lime-stone during lim&-boil» the 
equation being 

CO 2 -h [C] = 2 CO 5.7 

In order to start the carbon reaction the presence of ferrous 
oxide is required initially. This is obtained by the flameH>xida*^ 
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tioo of the scrap during the mating down period. (But this 
ferrous oxide and that obtained subsequently by flame oxidation 
during the refining period are not sufficient to lower the carbon 
content to a very great extent and, therefore, the feeding of ore is 
necessary to supply the excess oxygen for bringing carbon down 
to the desired level.) The fused metal after melting is not satu- 
rated with oxygen as it is not covered with a pure ferrous oxide 
slag. Ferrous oxide, at first formed, reacts with other products 
of oxidation like MnO, SiO^, etc. as well as with the lime and the 
hearth lining and thus becomes diluted. This formation of slag 
restricts the oxidising power of ferrous oxide since the slag, al- 
though theoretically capable of absorbing any amount of FeO, 
remains unsaturated witii respect to the oxide. Therefore, accord- 
ing to the partition law, the metal bath which is in contact with 
the slag remains unsaturated with respect to oxygen. The slag 
acts as a reservoir for ferrous oxide needed for the oxidation of 
the metalloids. 

In the electric furnaces the atmosphere is not oxidising since 
aerial oxygen has little access and, therefore, the melting oxida- 
tion of the scrap plays a minor role in the supply of the oxidising 
agent. Here, the slag assumes the entire role for the oxygen 
supply which is maintained by the addition of ore or lancing of 
oxygen gas in the bath. 

In the pneumatic processes of steelmaking like the bottom or 
side blown converters, top-blowing of oxygen in the LD. Rotor 
or Kaldo processes — the oxidation reactions are carried out by 
aerial or pure oxygen. This oxygen oxidises iron to FeO which 
reacts partly with the metalloids converting them into their oxides, 
and partly goes to the slag. 

The carbon elimination reaction given by Eq. 5.1 is obtained 
from the overall reactions Eqs. 5.4-5.6. Now, in any multi-phase 
faet^ogeneous reaction, the overall velocity is determined by the 
^)eed of the slowest of the individual reactions. If it is assumed 
that reactions 5.3 and 5.4 are fast enough to maintain adequate 
si^>ply of FeO required in Eq. 5.5 and that the conditions for the 
. formation of the new gaseous phase CO are favourable, then the 
. reaction 5.5 should determine the velocity of the reaction 5.1. 
'.^th these assumptions Herty* and Schenck, Riess and Briigge- 
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mann^ propounded the following equation for carbon elimination 
in normal open-hearth operations : 

— dC/dt =: V = kr , fFeOl . [ 5C] — k^.pco 5.8 

where 

— dC/dt V ^ decrease of carbon in bath in unit time, i.e. 

rate of decarburisation measured in %C/ 
minute. 

IFcO] and [ ^C\ — respective concentrations in metal bath. 
P CO “ pressure of rising CO gas bubbles 

which must overcome the atmospheric 
and ferrostatic pressures of metal and 
slag. (Schenck-^ calculated that in open- 
hearth, neglecting the slight amount of 
N\. and H-, the Pqq — 11 atm and 
in Bessemer converter Pqq = 0-45 
atm). 

A'l and k 2 ^ velocity constants of the forward and re- 

verse reactions of Eq. 5.1 respectively. 
Schenck et aP found that both in acid 
and basic open-hearths these constants 
arc independent of temperature and com- 
position of the lining but vary with the 
carbon content. 

Schenck assumed that this reaction between the carbon and oxy- 
gen dissolved in steel bath was rate-determining and on the further 
assumption that fFeOl was proportional to frce-(FeO) of slag, 
he laboriously calculated a series of curves which enable one to 
find out the iron content and the basicity of open-hearth slags, 
at given carbon contents and temperatures, required for various 
rates of decarburisation He also derived curves for finding out 
the oxygen content of steel bath from various rates of decarburi- 
sation (cf. Fig. 10.2). 

Schenck has shown that the observed dccarburisation curves in 
open-hearths compare favourably with those calculated by his 
method. But his theory of carbon removal, where reaction 5.1 is 
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inherently very slow,^ ® has met with strong objections. Doubts 
have also been expressed regarding the validity of Eq, 5.8 for the 
calculation of oxygen content of steel from the rate of decarburi- 
sation. 

The decarburisation velocity in open-hearth is of the order of 
0 05 -0-1% C/h in a normal steady boil and about 0*6 -0*7% 
C/h after heavy ore additions. This is extremely slow compared 
to the same reactions in the Bessemer converters where about 
3-5 %C is blown away in about a quarter of an hour or in the 
open-hearth itself where the carbon reaction takes place almost 
with explosive violence when pig iron is added to a highly oxidised 
scrap. Further, according to Goodeve,® ordinary homogeneous 
chemical reactions, like the one between oxygen and carbon in 
liquid steel as envisaged by Schenck, should have extremely high 
velocity at steelmaking temperatures unless the activation energy 
is very high of an order greater than 100 Kcal/gm mol, which 
is normally rather rare. Vallet^ has calculated that the apparent 
activation energy of the \C] — fO] reaction is approximately 28 
Kcal/gm mol and such a low value indicates the reaction velocity 
to be ‘immeasurably fast at steelmaking temperatures. The slow 
decarburisation, therefore, is presumably controlled by the rates 
of diffusion of the constituents and chemical kinetics cannot be 
the rate controlling factor. Again, Schenck did not assume the 
difficulties of bubble formation which is opposed by surface ten- 
sion forces as we will sec presently. According to Ranque,® a 
CXD-evolulion pressure of about 55 atm will be necessary for 
the nucleation of a bubble in liquid steel. If any bubble is formed 
in the metal, it would dissolve unless its diameter is large enough 
as explained later. 

Schenck’s application of mass law equations for decarburisation 
should predict a direct relationship between the excess of the re- 
actants and the rate of carbon elimination (cf. Eq. 5.8) but 
various investigators^^ *' obtained indifferent results. As early as 
1935, Korber and Oelsen® raised their objection to the application 
of mass law equation because, in their experiments with C- and O- 
containing liquid steel in small smooth glazed crucibles under 
FeO-MnO-SiOo slag, they could hold down 20-30 times the equili- 
brium carbon content for a definite amount of oxygen without 
the sample showing signs of a ‘boir. Boiling started when the 
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mdit was stirred wiA solid iron tod or when the crucible wafl was 
scratched. With a crucible having rough nn glawW wall, the 
started in the presence of much less carbon. T alcing Vacber and 
Hamilton’s constant’®/ at 1,600°C (cf. p. 66), the decaibuifea- 
tion should run as long as [C] . [O] > 0 0025. Kdrb«r and 
Oelsen conclude that decarburisation rate is dependent on jdiysi'’ 
cal radier than on chemical processes. They presume that Eq. 
5.6, which concerns the evolution of dissolved CX) as a gaseous 
phase, is the rate-controlling step. It is a sort of evaporation 
process which can take place if the evolution pressure is 
greater than the partial pressure of carbon monoxide in any 

gas phase in contact with the bath. Thus the velocity of evapora- 
tion will be greater, the greater the pg and the less the and 

the greater the surface area of the bath in contact with the gas 
phase. They have derived an equation for decarburisation similar 
to that of Schenck but containing a factor s which is the surface 
per unit weight of melt at the disposal for evaporation at the 
moment : 


— dC/dt = J *2 . [FeO] . [C] — p^ \ s 5.9 

According to the above equation the velocity of chemical reaction 
between [FeO] and [C] is not the same as velocity of decarburi- 
sation but is determined by the physical process of separation of 
CO gas from the melt. It is difficult for CO to form a bubble 
inside the liquid metal even at high concentrations of [O] and [Q 
since any small bubble at first formed will be under such a heavy 
capillary pressure (as explained later) of the surrounding melt 
that the evolution pressure cannot overcome it. A bubble of 
sufficient diameter will become stable when the capillary pressure 
is less than the evolution pressure for given [O] and [Cj contents. 
Since the available surface is very rarely sufficient for spontaneous 
evolution of CO, such surface is presented by porous materials 
like ore or other additions from outside or by the cracks and 
crevices at the bottom of the open-hearth furnace (sudi vacant 
{daces are not reached by liquid iron because of its surface tens^ 
forces) or by any earlier formed CO gas bubble itself or by odier . 
gases ]>assed through the melt, e.g. air in bottom- or side-blown 
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GO&vHtcis. Such a pbenomenon is possible because tbe product 
trf die leaction is gaseous and also dependent upon piessute. 

Kdrber and Oelsen,* after considering tbe problem from various 
aspects, bave reached tbe following conclusions : 

(a) decarburisation can proceed only if k 2 . [FeO] . [C] > 

(k) even if (a) is satisfied, tbe decarburisation, i.e. CO evolu- 
tion may not take place if the necessary surface is not 
available, i.e. if surface s is zero, the velocity will natu- 
rally be zero. The velocity will change with s, notwith- 
standing [FeO], [C] and pa remaining constant. If s is 

large, tiien the velocity will also be large even if (k 2 .[FeO]. 
[C] — p^ ) is small. With rising velocity, the available 
free surface increases, which in its turn increases the velo- 
city still more (the reaction becoming autocatalytic). Thus, 
an increase in velocity does not always signify a rise in 
[FeO] and, therefore, contrary to Schenck’s theory, a defi- 
nite relationship between [FeO] and the velocity of decar- 
burisation should not exist. (Since Schenck has calcula- 
ted the velocity constants from works data, it is possible 
that his formula includes the physical process of CO evo- 
lution.) From the equilibrium relationship p^ = . 

[C] . [FeO] and [FeO]/ (FeO) = L', the condition for 
decarburisation at any moment is as follows : 

Pa / *2 • [C] < [FeO] <L ' . (FeO) 5.10 

Now, in the open-hearth process, until carbon becomes very small, 
the state of bath oxidation is controlled chiefly by the element. 
Therefore, the lower limit of [FeO] is determined by [C] and Pg ; 

the upper, by the (FeO) content of liquid slag and the tempera- 
ture. The difference between the upaer and lower limits re- 
presents the driving force of the decarburisation reaction. As the 
difference becomes smaller, the veloci^ will become less and 
less which can be increased by raising the L'.(FeO), e.g. by the 
addition of ore or increasing the temperature. Both these factors 
must be increased in order to arrive at a low C-content. No 
decarburisation is possible when these uj^r and lower limits cor- 
nei^Dd togefter. 
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yvhete the omcentration of oxygen is the highest in the bath,’ 
could not be entertained because, if it is so, then the concentra- 
tions of other dissolved elements will be higher in the lower por- 
tions than in the upper portions of the bath where these elements 
will be easily oxidised due to the higher [0]-concentrations (since 
the lower layer will not be in equilibrium with the slag). Also, 
if it is so, then the ‘boil’ will be confined to the upper portions 
and the lower layer will naturally be cold. But Larsen finds that 
the Mn-, P-, S-, C-contents and the temperature are almost the 
same in the upper and lower portions. Therefore, it is presumed 
that the bubbles are formed on the lining and the hearth of the 
furnace from where they rise, growing bigger during their passage 
upwards through the bath by incorporating more of CO and thus 
creating a turbulence which equalises the temperature and the 
concentrations of the dissolved elements throughout the bath. The 
velocity of carbon reaction will depend upon the physical condi- 
tions of the hearth which facilitate bubble formation as well as 
on how fast the delivery of O and C to very near the hearth sur- 
face could be maintained. 

It is surmised that the holes or crevices on the hearth or in 
the additions of charges like ore, scrap, lime, during the refining 
serve as focal points for the formation of bubbles. Richardson^ ^ 
indicates that, for any CO-bubble to form, its minimum evolution 
pressure must be equal to Pqq = (1 atm, -f- ^ -J- 

2a/r) where py* is the ferrostatic pressure at the place of 
bubble formation, i.e. at the hearth surface, or the surface tension 
of steel and r the radius of the crevice. Therefore, the minimum 
[C].[0] product necessary to enable bubble formation at the 
hearth crevices will be that in equilibrium with P E • It has been 

shown that the product will have to be twice its equilibrium value 
(i.e. 2 m; for m, see Eq. 3.10) before any bubble could form in 
a crevice of 0*008 cm. diameter and at a bath depth of 40 cm. 
This explains why an ‘excess’ oxygen, i.e. A[0], is necessary for 
the ‘boiling’ action. But one can conclude as well that as carbon 
increases, the minimum value of A[0] necessary for the main- 
tenance of a boil (hearth and other conditions remaining the 
same) should decrease which is, however, contrary to the findings 
of Larsen, according to whom, A fO] is independent of [CJ. 
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Piutiier evidence of the possibility of bubbles nucleating in the 
luAes and crevices of die hearth is apparent from the findings of 
Brower and Larsen^ that A[0] is higher in new or fettled furna- 
ces, whereas it is lower in old rough unfettled hearths since the 
number of crevices are higher in the comparatively rough surface 
wMch may facilitate the nucleation of bubbles. They have also 
found that the C-and O-contents of the samples taken from the 
bottom of the bath are such that the m-values are much nearer 
to equilibrium than is the case at the upper portions of the bath. 
According to Leiber,^^ the [O] concentration is not uniform 
throughout the bath but is lowest near the hearth. 

The natural conclusion from what has been said above is that 
the carbon reaction and, therefore, the factor controlling the rate 
of decarburisation is governed by the formation of CO bubbles. 
The excess oxygen A O is supposed to be due to the excess pres- 
sure caused by the forces of surface-tension and ferrostatic pres- 
sure of the metal and slag column above the hearth. On this 
assumption, Vallet^ has calculated the radius of gas bubbles in 
equilibrium with the metal as 


9 -87.10 ^ 2 w,T 


%[C].Ar01 -mpj 


5.11 


[This has been derived from Eq. 3.10 and p^O P' 

the assumption that A [O] is due to the ferrostatic and surface- 
tension forces, from where it follows : 


m a 

A[0] = (p/ -1- 9*87 . 10-T . 2— ) 1 5.12 

%[C1 r 

It fdlows feom the above equation that in a shallow bath where 
is very small, the radius of the bubble varies inversely with 
A[0] or %[C] when either of them is kept constant. In deeper 
bi^is the ferrostatic and surface tension forces come into play and 
for a stable bubble. 


A[0] > m.pf/%[C\ 
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Since m is constant (0-0022% at 1600®C),^® it follows that 
A[0] is directly proportional to py , i.e. bath depth, and in- 
versely to the carbon content of the bath. As for example, if 
pf =0-5 atm. (bath depth A = 70 cm.) m = 0-0022 and 
% [C] = 0-05, it is necessary, for bubble to exist, that A[0]> 
0-022%. For same [Cl and A = 40 cm, A [0]> 0-013. 

From the above considerations, Vallet has drawn Fig. 5.2 which 
shows the variation of radius r of the bubbles in equilibrium with 
the metal containing various amounts of carbon and A[0] at 
1,600'^C and ferrostatic pressure of 0-5 atm. 
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Oticiiotis excchs o\yK('i) in sled.] 

Fis. .‘'.2 — Variation of the radii of the bubbles in equilibrium with the 
nu'ial ill l,(i()(>'(. anti Icirosunit prcssnrt' ol () r> atm. as a funtlion of car- 
b(ni confeni lor dillcrenl values ot excess oxygen ^[O]. 

(Ky courtesy of Iron S: Steel). 


Carbon monoxide bubbles cannot form spontaneously in the 
metal because the supersaluration with oxygen necessary for the 
purpose is not possible to attain. Bubbles may, however, form 
at the pores and holes of the hearth, lump ore, lime or other addi- 
tions if their radii of curvature are higher than that given in Fig. 5.2. 
The C and O reacting in the metal can then form CO gas 
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at the gas-metal interface, join the gas present at the pores and 
continue to grow until, when large enough, they detach them- 
selves and come up as bubbles. 

The minimum radius of curvature for bubble formation increases 
as the carbon content decreases during decarburisation provided 
A[0] remains constant. Therefore, as the carbon removal pro- 
ceeds, the pores will gradually stop functioning as nuclei for bubble 
formation, the smaller ones being the first to do so. In order 
that all the pores should function, AfO] has to rise as fC] decrea- 
ses. Such an increase of A[0] may be effected by the addition 
of iron ore which brings smaller and, therefore, more cavities into 
operation for bubble formation; it also itself brings with it more 
pores and holes which serve as further sources of nuclcation and, 
being present on the surface of the bath, are almost free from the 
restrictive forces of ferrostatic pressure. The CO^ evolved from 
limestone is a further source of gas bubbles, into which CO from 
the carbon reaction can escape, thus facilitating carbon removal. 
This would lead to the decrease of A[01 although, theoretically, 
A[01 should increase because CO- is an oxidising agent and 
reacts with C to form CO. Eq. 5.1 1 gives the minimum equili- 
brium radius of bubbles. If tins value is exceeded, the bubble will 
no longer be in equilibrium under the same conditions. There- 
fore, the bubbles can receive more CO from the carbon i election 
around the bubblc-mctal interface. As the bubbles grow larger, 
they are able to take more and more of CO. The reaction thus 
becomes auto-catalytic. 

It is clear that the area of the bubble surface becomes impor- 
tant in decarburisation. Vallet has deduced theoretically the rate 
of dccarburisation as a function of surface area a-, [Cl and [O]- 
contents : 


— d%\C\/dt K,s. %[C1.A[0] 5.13 

The equation shov/s that the decarburising rate increases with the 
increase of total surface area and/or A|Oj. The surface area 
cannot be altered at will to a great extent, but AlOl may be 
easily changed by ore additions. Since the increase in /S\0] 
brings into play smaller, formerly non-functioning cavities, the 
surface area s also increases, thereby increasing the decarburisa- 
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tion rate, proportionately more than expected by a certain inoMM 
in A[0]. 

This increase of decarburisation rate will consume more oxygmi 
and bring down A[0]. If the rate of supply of oxygen is <fimi- 
nished (by suitably adjusting the slag ), the A[0] decreases, 
thereby causing stoppage of smaller cavities from functioning 
which, in its turn, d^reases the bubble surface area and there* 
fore, the decarburisation rate and oxygen consumption, resulting 
in a slowing down of the decrease of A[0]. This mechanism 
probably helps to keep A[0] more or less constant (except after 
newly made additions) in the bath which has been found to be 
the case by Larsen in normal practice. 

Darken’* suggests the following expression for the explanation 
of A[0] : 


slag-metal interfacial area 

A[0] .< . A[0'] 

gas-metal interfacial area 

where A[0']=%[0] (equilibrium with slag) — %[0] (actual). 
This expression also indicates that A[(^ should increase during 
the ore-boil because of increase of A [O'] and that A[0] should 
decrease during the lime-boil because of greater bubble- or gas- 
metal interfacial area. 

The value of the product Kj. obtained by Vallet is comparable 
with Schenck’s constants (Eq. S.8). It is, therefore, not surpris- 
ing that Schenck’s equation of decarburisation rate, althou|^ 
theoretically untenable, is useful for practical purposes at least 
in the lower range of [C]-contents. 

Mackenzie and Urie*® have criticised the hypothesis of bubble 
formation being the slowest step in the decarburisation reacticm 
because of variations in the oxygen-contents and the rates of 
decarburisation from cast to cast. Such a hypothesis also 
demands that oxygen in steel should reach equilibrium with slag. 
If diffusion is assumed to be the slowest step, then evidently A[0] 
should be zero. 

As we know, oxygen most be supplied to the metal by the 
slag continuously in order to bum ^ carbon and maintain an 
excess oxygen. &cc^ at low carbon, the oxygen in metal is 
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never sufficient to remove the entire carbon. Darken^ *^ assumes 
that the overall rate of carbon elimination depends upon two 
slow steps (i) diffusion of oxygen through a thin dead fflm of 
metal of the order of 0 003 cm. in contact with slag; (//) diffu- 
sion of oxygen through a similar film on the biibble-metal inter- 
face. He derived the equation for the rate of decarburisation 

4C] A [O'] 12 

= D 

dt I Al 16 

where Al and I are the film thickness and bath depth and D the 
diffusivity of oxygen. The two rates of decarburisation calculated 
from the above, i.e. 0-61% C/h and 0-14% C/h during heavy 
oreing and normal boil respectively, agree well with those ob- 
served in practice. 

Basic Open-hearth 

The modem theories of decarburisation in open-hearth may 
differ from that of Schenck, but latter’s work in this field remains 
still the most exhaustive and of great practical utility. Schenck’s 
decarburisation Eq. 5.8. shows that the rate of carbon elimination 
V(%[C] per min. or per hour) at any given temperature increases 
with the free (FeO) of slag and [C]-content of metal. Again, 
for a metal with a given [C] under a slag with constant free (FeO), 
the carbon elimination increases with temperature since the parti- 
tion coefficient LfcO= (FeO) /[FeO] and the free (FeO) 
itself rise with increase of temperature. 

Fig. 5.3® shows the relation between [C] and free (FeO) for 
V =z 0*006% C/min. andV = 0, i.e. at the equilibrium at diffe- 
rent temperatures. The significance of v = 0 is that the carbon 
reaction has come to a standstill, i.e. the bath is ‘off boil’. In 
order to obtain or maintain a boil it is imperative that free (FeO) 
must be higher than that corresponding to equilibrium. Fig. 5.3 
draws out clearly that the slag must contain a larger amount of 
(FeO) than that corresponding to equilibrium if the boil has to 
be maintained at v = 0*006. At higher temperatures the re- 
tjuired amounts of (FeO) are evidently much less in both the 
cases. 

13 
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It may be mentioned here that only the free (FeO) has berai 
taken into consideration in the above and, therefore, the argu- 
ments are applicable to both basic and acid open-hearths. Since 
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Per cent Free FeO in slag 


Fig. 5.3 — Relation between free ferrous oxide of openhearth slag and carbon 
content of steel at l,r>27, 1,577 & 1,627*^0, for rates of decarburisation 
and r'=0 0*006% C4/min. (By permission from ‘The Physical Chemistry 
of Steclmaking’ by H. Schenck.) 

free (FeO) is obtainable from the total compositions of acid and 
basic slags, the course of decarburisation can be easily studied. 

Schenck has drawn, with the help of free (FeO) charts and 
Eq. 5.8, figures relating C-content of metal and total iron content 
(S Fe) with varying silica and lime contents of the slag at diffe- 
rent decarburisation rates, r = 0, r = 0-003 and V = 0-006% 
C/min, at temperatures of 1,527° and 1,627°C. In each category 
there are two cases, one withS SiOa-f- 2 CaO' = 50% and 
another S SiOa-f S CaO'=60% . ( 2 CaO'= 2 CaO — 1-57 
S PaOo). 

Fig. 5.4 shows the relations at equilibrium, f= 0. Here 
Fe) represents the minimum iron content of slag requited 
to attain a given [C]-content when the bath is quiet or ‘off boil*. 
We can see from the figure that : 

(1) (S Fe) of slag (which denotes iron present in oxidised 
form only) rises as [C] decreases. 

(2) ( 2 Fe) varies considerably with the lime and silica 
contents at a given temperature. For each [C]-content, there 
is a minimum (2Fe) in the curves. 
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(3) (S Fe) needed, for attaining a given [C]-content, de- 
creases with increasing temperature. 

(4) fafluence of increasing MnO on decarburisation is ne#- 
gible (not shown in the figure). 



5.4— Relation between the total iron content of openhearth slag and its 
lime le silica contents, when in equilibrium (F=0) with steel of various 
carbon contents, valid for (MnO) =10%. (By permission from ‘The Physi- 
cal Chemistry of Stcelmaking’ by H. Schcnck) . 

Fig. 5.4 corresponds, as already stated, to a bath at equilibrium 
or ‘off the boil’. Fig. 5.5 shows the same relationship as in 
Fig, 5.4 but at different rates of decarburisation, F =0*003 and 
^^=0*006% C/min. The qualitative nature of the curves in the 
two figures is the same but the Fe) -requirement of the slag 
increases, other conditions remaining the same, for achieving 
higher rates of decarburisation. 

If it is intended to restart the boil in a quiet bath or to increase 
the velocity of carbon removal, it is necessary to increase 
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(2 SiOs) in the range of basic slag or to raise the temperature 
or to add iron ore, mill-scale, etc. Increasing the (2 SiOa) 
and the temperature are only theoretical possibilities, since they 


■Us 0003 dsO'006 



are limited by desulphurising and dephosphorising capabilities of 
the slag and heating facilities of the furnace and turbulence caused 
by the boil. The most useful way of restarting or increasing the 
‘boil’ (provided carbon is present in bath) is to add iron ore or 
mill-scale which increases both the free (FeO) and the (2Fe) 
of the slag. The (2 Fe) required is, however, fixed by the rate 
of decarburisation desired, prevailing temperature, C-content of 
bath and finally by the lime and silica contents of the slag. 

Example : 

From Fig. 5.4a, at 1,627‘’C, (2 Si02)=15%, (2 CaO')=^ 
35%, the meltis off bcnl, i.e. F=0, at 0-2% [C] with ( 2Fe) = 
4 •5%. If it is desired to pass the same carbon content udth 
V'=0-{)03 or 0-006, the (2 Fe)-contents should be 10% amf 
17% respectively for the same silica, lime and temperature (c/.. 
Fig. 5.5(a) & (e) ). 

In view of what has been discussed, the carbon reaction in 
the basic open-hearth is affected by the 
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(a) total iron content of slag 

{b) lime ( S CaO)' and silica (S SiOu) contents of slag 

<c) rate of decarbuiisation, V 

{d) carbon content of the metal, [C] 

(e) temperature. 

These points are discussed briefly below® : 

(a) Total iron content (2 Fe) is the amount of oxidised 
iron present in slag in weight per cent. The actual weight varies 
according to the slag volume. The laws of chemical equilibrium 
deal with the concentration and not with amounts by weight. This 
( 2 Fe) varies during the furnace operation and it is higher : 

(1) the higher the rate of decarburisation 

(2) the lower the C-content of metal 

(3) the higher the (Ca0)VSi03 ratio 

(4) the lower the temperature. 

All these are very apparent from Figs. 5.4 & 5.5. Higher 
decarburisation rate needs greater amount of oxygen for the reac- 
tion and, other conditions remaining the same, the activity of iron 
oxide in slag has to be raised, which is only possible by increas- 
ing the iron content of slag (see Fig. 4.5). Similar is the case 
if lower carbon content is desired, since low-[C] is in equilibrium 
with high [O] and needs maintaining a high iron oxide activity 
in the slag. As regards the lime-silica ratio, the Fig. 4.5 shows 
that as the ratio increases, the (FeO) -activity decreases for the 
same iron-content; and if the activity has to remain unchanged, 
it is necessary to increase the (Fe) -content as the ratio increases. 
Lower temperature needs higher (FcO) -activity since the supply 
of oxygen to the bath is lowered, as can be seen from the relation 
%[0]=apeO %[Q] mav ([Ol max dccreascs with decreasing 
temperature, cf. Eq. 3.6). It may be noted here that Back,®* 
Sonntag and Wark,*® and others observed the Increase in iron 
oxidation with increasing F=(2 CaO)/(2 Si02) ratio; and 
Kuhn*^ observed low iron contents of slag in very hot melts. 

From a purely physico-chemical point of view, it is immaterial 
for the course of carbon reaction vis-d-vis iron-content of slag by 
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which method it is supplied to the slag. The build-up of (S Fe) 
may be either by the iron oxides (rust) in the scrap, flame oxida- 
tion during melting, oxidation of bath by slag or directly by the 
addition of ore, mill-scale, etc. Other factors remaining con- 
stant, the need to add ore or scale will be more or less according 
to the extent of the initial oxide content in the charge and the 
flame oxidation. In selecting ores for additions, its silica and 
lime contents must be taken into account. Larger amounts of 
the former may deteriorate the dephosphorisation and desulphuri- 
sation, while that of the latter may lower the oxygen potential. In 
either case, it may necessitate addition of lime or sand respectively,, 
which would increase the slag bulk. Since a minimum ( S Fe) 
concentration is necessary for a desired [C]-content, an increase 
in slag bulk would lead to a greater iron loss (of course, some 
iron will be recovered from the added ore by reduction). 

It is sometimes the practice, in order to introduce metallic Mn 
in the bath, that manganese ore is used in addition to iron ore to 
carry out carbon oxidation. Since the higher oxide Mn 304 is 
almost quantitatively reduced by iron to form MnO and FeO, we 
consider the reaction of MnO with the metal : 

MnO + Fe [Mn] + (FeO) 

In both the reactions, FeO is formed which is distributed between 
the slag and the metal according to the partition coefficient. 
Thereby, the (SFe) of slag is increased by a certain amount 
which affects the decarburisation in the same way as does the 
addition of iron ore. The reaction above, is endothermic and 
proceeds to the right with increasing temperature and, therefore,, 
the decarburising action of manganese ore is more effective at 
high temperatures. 

{b) The effect of lime and silica on the FeO activity in basic 
slags is shown in Fig. 4.5. In the range of basic steelmaking slags, 
the FeO activity decreases, for a given total iron content of 
slag, as the lime/silica ratio increases. The importance of lime 
and silica contents in the basic open-hearth has been dealt with 
under {a) and (c) of this section. At Ca0/Si02 r--' 2*7, the 
(FeO) -activity is maximum for any given (^ Fe). Therefore^ 
other conditions remaining the same, this basicity should exhibit 
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the maximum decarburisatkm rate. As a corollary, for any given 
rate of decarburisation, the (2 Fe) will be the minimum as the 
slag approaches a basicity of 2*7. Below this basicity an increas- 
ing amount of lime and above it, an increasing amount of silica 
would accelerate decarburisation. 

(c) The rate of decarburisation F" in the basic open-hearth pro- 
cesses increases : 

(1) with increasing (2 Fe) of slag 

(2) with increasing [C]-content 

(3) with decreasing (CaO)V(Si02) ratio 

(4) with increasing temperature. 

Again, all the above points arc apparent from Figs. 5.4 & 5.5. 
These figures are derived from Eq. 5.8 on the assumption of the 
applicability of the law of mass action. Although tho present ideas 
of the mechanism of carbon reaction envisage the rate of bubble 
formation (and also oxygen diffusion) to be the deciding factors 
in the rate of decarburisation, nevertheless, Schenck’s formulations 
have wide practical applicability since they are based on a mass 
of actual stcelmaking data. The ease of bubble formation and 
diffusion of oxygen (fluid slag and enough turbulence) should 
and do affect the decarburisation rate. From p. 190, it is clear 
that a deep bath would need more A[0] than a shallow one and, 
therefore, for a given slag with a given ( 2Fe) or (FeO) -acti- 
vity, the rate of decarburisation will be slower. 

The influence of factors (1), (2) and (4) is evident from 
what has been said under (a). Decrease of (CaO'/fSiOa), for 
given iron-content, increases the FcO-activity in the range of 
basic open-hearth slags (Fig. 4.5) and, therefore, increases V by 
raising the oxidation potential of the bath. 

Foaming of slag^^'-^ 

It has been the frequent experience of steel melters in open- 
hearths, especially in basic open-hearth furnaces, that the slag 
foams or bulges up because of entrapped gas bubbles. Such a 
foaming slag acts as a sort of insulating layer, seriously hampering 
the transfer of heat from the heating gases to the bath. This 
entails considerable delay in the furnace operation and the refin- 
ing is jurolonged with the consequent losses and disadvantages. 
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Foaming generally occurs when the charge contains excessive 
silicon or melts cold or the flame is non-luminous when fired 
with fuels like coke-oven or natural gases. The bubbles, it is 
presumed, are formed by CO which is evolved during the carbon 
and oxygen reaction but held by the slag during its passage through 
the slag. According to Larsen, it is possible for H2O and CO2 
in the furnace gases to react with metal surface and form CO and 
H2. Since the foam is caused only by very small entrapped 
bubbles, it is to be expected that they are evolved in or near the 
metal surface and, therefore, do not grow large. Although the 
carbon and oxygen reaction needs suflBcient nuclei for CO to 
evolve, the excess oxygen supplied by the slag to the metal at 
the slag/metal interface and the solid slag particles at the same 
interface may facilitate CO evolution. It is doubtful that the 
main carbon reaction, which occurs at or near the hearth, should 
cause foam. Since the CO bubbles during their passage through 
the bath grow large enough, it is improbable that they are caught 
in the slag and cause foam. 

As soon as the signs of foam are visible, the melter takes im- 
mediate steps to counter-act it. The usual measures are : 

(/) increase of the firing rate and directing of flame towards ttie 
bath ; 

(//) increase of tar to obtain luminous flame ; 

(///) addition of lime to the slag. 

How and why these above measures help to control foaming 
will be clear when we consider the causes which stabilise the 
bubbles in the slag. One of them is naturally the viscosity of 
the slag. If the bubble-wall is surrounded by a viscous material, 
the bubble would be unable to rise up or burst out. When vis- 
cosity is reduced, as for example, by additions of burnt lime 
and scale which liquefy the slag, the foaming is largely eliminated. 
According to Marsh, the temperature plays an important role 
which is substantiated by the fact that, at low temperatures, the 
usually non-foaming lime-rich slags could be made to foam. 
This suggestion, however, is not opposed to the high viscosity 
theory since a decreasing temperature increases the viscosity. 
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Although viscous slags do cause foaming, it has been found 
that even very fluid slags are not immune to such troubles. Foam- 
ing in the basic open-hearth, generally, occurs with low-lime, FeO- 
and silica-rich slags which arc very fluid. The cause in such 
cases has been traced to the stability of bubbles on account of 
■the surface tension forces. Since pure liquids seldom foam even 
if their surface tension is low, it is surmised that dissolved sur- 
face-active substances form an adsorption layer which is capable 
of lowering the liquid/gas interfacial tension. This adsorption 
layer should, however, be viscous and strong enough to stabilise 
the foam. In basic open-hearth, the first slag when the boil 
begins, is low in P^Or, and CaO and under such circumstances 
silica is the only constituent which can lower the surface tension 
of liquid FeO. It is probable, the silica-rich adsorption film 
stabilises the bubble. 

(rf) The carbon content at which a bath may be quiet (equi- 
librium) depends mainly upon the slag composition and the tem- 
perature. A minimum carbon content can be achieved by : 

(1) high (2 Fe) of slag 

(2) low (CaO)7(Si02) ratio 

(3) low rate of dccarburisation at the end of refining 

(4) high temperature. 

The factors (1), (2) and (4) are readily understandable since 
they increase the oxidation potential of the bath and the slag. 
Low rate of decarburisation is necessary, especially in the range 
of low carbon steels, in order to obtain the specified C-content. 
The specified C-content can be achieved at higher rates of decar- 
burisation, provided the furnace can withstand high (2. Fe), re- 
latively acid slag and high temperatures. 

Low-carbon steels (0-01 — 0-03%C) particularly demand a 
lower refining rate even in a hot running furnace with highly oxi- 
dised slag. For manufacturing such steels, it may be necessary to 
continue the boil deliberately until a very high temperature is 
reached. This can be achieved by recarburising the bath several 
times and prolonging the boil’’. Another suitable method should be 
the blowing of oxygen through water-cooled lance into the bath 
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which would not only raise the temperature rapidly (by the 
exothermic heat of oxidation of iron) but also facilitate decar- 
burisation by supplying a large volume of bubbles. The facility 
of bubble formation and, therefore, an extensive decarburisation 
(by maintaining the slag highly oxidised with ore additions) is pos- 
sible in shallow hearths (smaller ferro-static pressure) rather than 
in deeper ones. 

(e) A study of the Figs. 5.4 and 5.5 brings out the effect of 
higher temperatures on the carbon reaction. An increase in 
temperature decreases the iron demand of the slag, increases the 
decarburisation rate and leads to lower C-content. Since the slag, 
composition remains more or less unchanged during the refining 
period, it is best to study the influence of increasing temperature 
on the carbon elimination of basic open-hearth metal under a slag 
of constant composition. Fig. 5.6 has been constructed on the 
assumption of a bath having initial C-content of 1 % under a slag 
of composition : 

(S Fe) = 10%; (2CaO)'=40%; (2 SiO,0 = 20%; 

(S MnO) = 10%. 

The curves in the figure show a horizontal approach, after an 
initial declination, which denotes the end of decarburisation or 
F=:0. The final or equilibrium carbon content is lower, the 
higher the temperature. Since higher the temperature, the greater 
is the oxidation potential of the slag and bath, it is evident that a 
hotter furnace will be ‘off the boil’ at lower C-content with a higher 
decarburisation rate than a colder one. 

The importance of proper heating facilities, especially in modern 
high capacity furnaces, is very apparent. In furnaces with 
inadequate heating arrangements, the decarburisation can be 
increased mainly by raising the oxidation potential of slag and 
bath by reducing the lime/silica ratio and adding iron ore. Reduc- 
ing the basicity will certainly affect desulphurisalion and dephos- 
phorisation (which require high lime), while large ore additions 
have certain cooling effect which lowers the decarburisation rate 
itself. (The loss of heat due to ore addition is given on p. 205). 

The only course remaining in a badly working furnace is, instead 
of too much oreing, to recarburise the bath and continue decar- 
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boiisation which improves the heat transfer due to the turbulence 
caused by further ‘boil’. 



[2 denotes total carbon in steel.] 

Fig. 5.6 — ^Variation of carbon elimination with time in basic open-hearth at 
diferent temperatures under a slag of eoastant composition. (By permis- 
sion from ‘The Physical C.heiiiistry of Steelniaking* by H. Schenck) . 

In furnaces where rapid heating is possible, the velocity of 
decarburisation may be too fast which may have a deleterious effect 
on the steel quality (removal of dissolved gases being inadequate; 
also at high V the heating rate may not keep pace with the simul- 
taneous increase of m.p.). In such cases, the decarburisation may 
be suppressed by lowering the (FeO) -activity in the slag, which 
may be effected through increasing the lime or lowering the total 
iron content or both. It follows that, in a hot furnace, the bath 
is less oxidised than in a cold one, provided the slag composition 
and decarburisation rate are the same. This may also be the 
reason why, specially the German melters, put so much importance 
on ‘manganese reversion’ as, to say, the barometer of adequate 
steel temperature and quality. A hot bath, since it is less oxidised, 
facilitates the reduction of manganese from slag which is further 
boosted by the endothermic reaction Fe+MnO~>Mn+F^O; the 
reaction proceeds to the right with increasing temperature. 

It is desired to impress here the profound importance of 
decarburisation on the steel quality. The oxygen at the end of 
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refining should be as low as possible so >tbat min imum quantity of 
non-metallic inclusions may be formed when the oxygen is re- 
moved by deoxidisers. The minimum oxygen is approached as the 
C-O reaction nears equilibrium. At the beginning of refining, the 
slag is rich in iron oxide and contains relatively small amnunts pf 
lime. The oxidising power of this slag will change, as the refining 
progresses, depending upon the change in basicity, the velocity of 
decarburisation and the rate of diffusion of oxygen from the flame 
through the slag. Effecting a decrease in the oxidising power of 
the slag by Increasing the basicity is limited by the diffundty of 
dissolving lime, especially with low iron slags. Since flame oxida- 
tion is fairly constant, the only other way to decrease the oxidising 
power is ample, active and speedy decarburisation which would 
bring the (FeO)-slag, as far as possible, to the level nearing 
equilibrium with bath carbon. (We have seen on p. 187 that the 
oxygen potential of slag is consistently higher than that of the bath, 
except at very low C-contcnts.) The oxygen in bath, in such a 
case, would be approximating that in equilibrium with the carbon 
desired. The inclusions formed by deoxidation would, therefore, 
be minimum. The reduction in the oxygen potential of the slag 
would necessarily induce reduction of manganese to the bath and 
hence the importance of Mn-reversion (cf. p. 235). 

The necessity of a profuse and active decarburisation is, there- 
fore, ai^arent for at least a partial reduction of oxygen in slag 
and metal, apart from the beneficial effect of ‘washing away’ of 
the gases and inclusions (cf. pp. 380-382). This can, however, be 
achieved only by a proper slag control. In this context, we may 
realise the importance of Schenck’s recommendation*"* of refining 
with a slag of basicity r— ' 2 • 7. From Fig. 4.5, this basicity imparts 
highest (FeO)-activity to the slag which may effect the desired 
vigour of the ‘boil’. 

Use of Oxygen^^ 

In the basic open-hearth operation, the oxidation of carbon at 
low C-level proceeds at a slow rate. As the C-level drops, the 
equilibrium oxygen value increases simultaneously because [C]. 
I0]=0‘0025. Since the bath needs or should have an extra- 
oxygen A[0] for affording the necessary driving force, it is clear 
that an increasingly greater amount of oxygen has to be supplied 
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to the bath as the C-level falls, a part of which must necessarily 
be incorporated in the slag. Fig. 5.7®^ shows that the oxygen- 
dissolved in metal and the oxygen-content of slag, (FeO), rise 
as %[C] is lowered under average open-hearth conditions. The 
[O] values are actual and do not correspond, to the equilibrium 
values for the given [C] contents. From the figure, as C 
decreases, an increasing amount of oxygen goes to slag and bath. 
The increased requirement of oxygen can be fed by ore, the rate 
of feeding being however, limited by the rate of firing the furnace. 
The reaction of ore and carbon is endothermic and a bath at 
1,600°C fed with 1 lb. of ore/min./t (3 cu.ft. oxygen) would 
cool down at a rate of 2-5°F/min.®^ Thus, with heavy ore feed 
and without simultaneous adequate heating of the bath, the metal 
may freeze. The rate of feeding becomes dependent upon the 
heating rate and at low C-contents, when increasing amount of 
oxygen is necessary, a high rate of feeding can only be realised 
if sufficient heat is put in the bath to counteract the decrease in 
bath temperature. 

When the rate of firing or the rate of increase of temperature 
of the bath or the heat input is constant, the corresponding 
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Ffe, 5.7 — ^Progress of oxygen dissolved in bath and oxygen content (FeO) of 
slag with decarburisation under average basic openhearth conditions. 
(By courtesy of Iron & Steel Engineer) . 
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rate of (»e-feediiig, which must also be maintained at a com- 
mensurate rate, is also constant, i.e. oxygen input is also constant. 
At constant oxygen-input, as carbon falls, there is a rapid decrease 



Fig. 5.8 — ^Theoretical relationship between distribution of total oxygen in 
basic openhearth bath and carbon content during normal decarburisation. 

(By courtesy oi Iron & Stcc! Engineer) . 

of oxygen available for decarburisation. Thus, the rate of 
decarburisation decreases with decreasing C’-content. This is 
borne out from Fig. 5.8 which shows the theoretical distribution 
of total oxygen in the open-hearth during normal decarburisation 
at various C-contents. As for example, at 0*5% C, about 95% 
of available oxygen reacts with carbon and 5% is absorbed by 
the metal and slag ; while, at 0.05% C, about 85% is absorbed 
by the metal and slag and only 15% reacts with carbon. These 
values are, of course, dependent on the basicity and the amount 
of slag which in this case are Ca0/Si02=3 and 170 Ibs./ton 
respectively. 

The situation changes if, instead of as ore, the oxygen is 
supplied in gaseous form. At 0.1 % C, gaseous oxygen at the 
rate of 3 cu.ft/min./ton at 1,600°C would increase the bath 
temperature at a rate of 3*5°F/niin. Thus, the rate of feeding 
oxygen gas can be increased to any amount, limited only by the 
splashing of the bath and fuming of FeO consequent upon high 
rate of injection. There is no danger of any metal freeze-up even 
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at veiy high rates of decarburisation. The advantage of ore feed, 
liowever, is that it increases the yield of metallics, iron ore supply- 
ing the iron. With one or two water-cooled lances or jets, oxygen 
flow of 80,000 cu.ft/hour presents no difiiculty. An equiv^ent 
amount of oxygen in the form of ore (25,000 ibs. of ore) at the 
same rate of feed would simply freeze up the metal. 

Since after the Second World War, in order to raise steel pro- 
duction as well as to compete with the new and rapidly developing 
oxygen-lancing converter processes, the gaseous oxygen is being 
increasingly used in open-hearth for obtaining high rates of carbon 
removal with simultaneous delivery of high temperature heat to 
the bath. Taking into consideration the fact that each minute of 
furnace time gained means a saving of about £1/- ‘cost above’, 
it is clear from Fig. 5.9*^ why oxygen injection is economical and 
that too at low-C rather than at high C-contents. The figure shows 
the curves of actual rate of decarburisation using oxygen and ore 



TIME • MmUTES 

Fig. 5.9 — ^Different rates of decarburisation in opcnhearth during regular 
ore and oxygen lance practices. (By courtesy o£ Iron & Steel Engineer) . 

for a 200-ton heat. For example, carbon removal from 0-2 to 
0-08% (a drop of 012%) takes 22 min. for oxygen and 40 
min. for ore, the saving in time being 18 min. Now, for the 
same drop but from O' 15 to 0'03% [C], it takes 47 min. and 
115 min. for oxygen and ore respectively, the time saved being 
68 min. 

Oxygen must be used judiciously. K the furnace is working 
hot, advantage should be taken of, to use ore for C-oxidation. This 
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will mean increased yield of metal by using inexpensive ore.. 
Since all reactions of ore with slag and metal are endothermicr 
while those with oxygen are exothermic, the latter can be used 
profitably when the furnace is cold and inactive and needs heat. 
The overall production rate in open-hearth depends primarily 
upon the availability of oxygen for chemical reaction with carbon 
as well as that of high temperature heat in excess of bath tempera- 
ture. When and how much of oxygen should replace the ore 
would depend entirely upon the run of the heat. 

The importance of slag bulk must not, however, be overlooked. 
From Fig. 5.8, large amounts of iron and oxygen go to the slag 
as FeO, at [C]-contents below 0-1%. Therefore, when using 
oxygen, the slag bulk should be kept to the minimum, even by a 
second-flush off which may be unnecessary otherwise. 

Acid Open-hearth^ 

The relations between carbon reaction, temperature and free 
(FeO) described under basic open-hearth are applicable to acid 
hearth as well. Since acid slags consist mainly of Fe0-Mn0-Si02, 
it is only necessary to find the slag compositions for various free- 
(FeO) -contents. In the same way as in Fig. 5.4, the [C]-contents 
have been plotted in Fig. 5.10’ as functions of total (2 FeO) and. 
(2 MnO) contents (the rest being silica) at which r=0, i.e. at 
equilibrium, when the bath is quiet. The minimum attainable 
carbon-contents under various slag compositions are evident from 
the figure. It is possible to attain a certain [C]-content at lower 
(S FeO) if the temperatures are higher and more of silica is 
replaced by MnO. If FeO and MnO in the slag or the tempera- 
ture are increased, lower [C]-contents can be reached. The same- 
conditions apply to the rate of decarburisation as well; thus, an 
increase in temperature or (FeO) or (MnO), would increase it.. 
This is clear in Fig. 5.11 which is valid for 1,527°C only. It 
may be noted that addition of iron ore is more efficacious than, 
manganese ore in speeding up the boil. 

The speed and extent of carbon elimination with increasing 
temperature, for constant slag composition, is similar to Fig. 5.6 in 
sense. An acid open-hearth furnace, with adequate heaiting facili- 
ties, would need a smaller refining time than a colder one, provided 
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the slag composition is same and similar rate of decarburisation 
is followed. 



Fig. 5.10— Composition of acid opcnhearth slag over steel bath of various 
carbon contents when boiling has ceased. (By permission from 'The 
Physical Chemistry of Steclmaking' by H. Schenck) . 



ClMnO) 

Fig. 5 .11— Cx)m position of acid opcnhearth slag over steel bath with C-con- 
tents traversed with different rates of decarburisation at 1,527®C. (By per- 
mission from ‘The Physical Chemistry of Steclmaking’ by H. Schenck) . 

Since FeO is strongly corrosive to the acid silica lining, it is 
imperative that the slag contains iron oxide as low as possible. 

14 



210 PRINaPLES OF STEELMMUNG 

Hiat is why the manufacture of low-carbon steels in acid proce^ 
should be avoided because a decarburisation to the extent of only 
0'1_0’15%C requires a considerable amount of (IS FeO) in dag. 
The question, whether the highly corrosive high-F^ fluid slag 
would attack the hearth bottom (because they are not directly in 
contact with each other), is irrelevant since they have to be in 
equilibrium with each other if slag/metal and metal/hearth are 
in equilibrium. 

An important question arises from the fact that, in the acid 
furnaces, the carbon reaction cannot be considered alone but to- 
gether with that of Si and Mn which are invariably present in the 
bath. The equilibrium relations between these three elements 
under laboratory conditions have been elaborately discussed on 
p. 92. Their reactions in acid open-hearth practice will be 
discussed on p. 248. It may suffice here to say that the carbon 
elimination depends greatly upon bubble formation and the reaction 
between [C] and [O] takes place at the hearth bottom where small 
pores and crevices facilitate the nucleation of CO-bubbles. The 
initial slag with high iron-oxide is slowly replaced by high silica 
and manganese oxide slags, whose viscosity increases as (FeO) 
becomes less and lesS. The oxygen transfer to the bath is much 
reduced, as the slag becomes viscous, which induces carbon to 
react with the hearth and reduce silica to silicon. It is fallacious 
to think that acid steels are more clean because of the deoxidising 
action of the reduced silicon. It is rather because of the presence 
of low oxygen (due to sluggish transfer from slag) in the bath, 
which induces reduction of silicon to the metal by carbon. 

The rate and extent of decarburisation can be controlled at will 
in add open-hearth by increasing or cutting-back the fuel. Further, 
the oxygen supply to metal from slag is performed not by FeO 
only but MnO also plays a part, depending upon the relative 
amounts of each in the slag. This has already been discussed on 
pp. 51 and 177. 

Acid Bessemer 

The relation between carbon and oxygen is shown in Fig. 5.12. 
The rate of carbon removal depends upon the rate of oxygen deli- 
very. It is doubtful whether the oxygen potential of slag jffays 
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any definite role. The reader may also refer to discussions on 
pp. 25 and 348. 

Thomas process 

In the Thomas Process, carbon is eliminated at a very fast rate, 
about 0*25% C/min, and phosphorus removal is largely held up 
until a carbon concentration of r-' 0 02 % in the metal is reached. 
The aerial oxygen oxidises iron into FeO. It reacts with C to 
form CO gas which can evolve when its pressure is higher than 
the sum of the atmospheric and hydrostatic pressures of metal and 
slag. The evolution of CO is facilitated in the presence of nitrogen 
bubbles and in those parts, where the facility of nuclealion is 
absent, there is a build-up of oxygen similar to what happens in the 
open-hearth. Although, because of the numerous nitrogen bub- 
bles acting as nuclei for CO evolution, the C-O reaction should 
reach equilibrium, infact, however, the oxygen-content lies much 
higher than given by the equilibrium relations (r/. Fig. 5.12). 
Only below ^ 0 05% [C], the equilibrium value is reached and 
even lower value attained. 



Fig. 5 .12— Relation between carbon & oxygen contents of steel in different 
processes and under cquilibriutn conditions. 

Carbon is an extremely good reducing agent as long as facilities 
for CO -evolution are present. During the Thomas blow, the 
oxygen level in metal remains below 0-012% so long sufficient 
carbon is present and the value is only exceeded when carbon 
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falls below r-^ 0-2%. The ultimate carbon content reached is 
about 0-02 — 0-03% and very seldom a value of 0-01 is attained. 
Surprisingly, however, CO (r-'l%) is found in the escaping gases 
even when the carbon removal is complete. It has been assumed 
that the converter lining and bottom, which stiU contain coked 
tar, supply the carbon. Theoretically, however it is possible to 
reach a carbon content of less than 0-01% as shown below®* : 

From the Fe-C-O equilibrium system (c/. p. 67), pure oxygen 
reacts with an Fe-C alloy with the formation of CO and CO 2 in 
the ratio of 6 : 1 (i.e. 86 and 14% ). In presence of pure oxygen 
or pure FeO, the maximum oxygen solubility is 0*23% at 1,600‘’C. 
Neglecting CO 2 , the minimum [C]=0'0025/0'23=0 0108. At 
14% CO 2 , i.e. Pco=0-86, [C] (minimum) =0-0085%. In the 
case of blowing of air or oxygen-enriched air, the conditions are 
different since CO is diluted with nitrogen. For air, 21 vol % of 
oxygen burns to give 42 vol % CO and 79 vol % N 2 . Therefore, 
pco =42/121=0-35 & [C] (minimum) =0-0025.0-35/0-23= 
0-0035%. If it is assumed that, at the start of dephosphorisation 
the oxygen content=0-04% (cf. p. 271), then [C] = 0-0025. 
0-35/0-04=0-021% at the transition. This has been found to 
be really the case in Thomas process when the carbon elimination 
ends and dephosphorisation starts. During the dephosphorisation, 
the oxygen at the disposal of carbon is very small. Pottgiesser®* 
has calculated that the theoretically attainable [C] for air-blow is 
0-03.10 ®^% and 0-01. 101*% for oxygen-enriched air (35 % O 2 ). 
This signifies that even at low [C], attained in the converter, it 
still possesses a great reducing action on oxygen where air enters 
the metal. 

Since carbon is oxidised only by the metal oxygen, it is desirable 
to see how both behave during the Thomas process. After the 
elimination of Si and Mn (during which period some carbon is also 
oxidised), carbon is the only element (except iron which is oxidised 
and a part simultaneously reduced by C) which undergoes reac- 
tion before the phosphorus removal starts. Fig. 8.3 shows the 
behaviour of [C] and [O]. Instead of drawing them against the 
blow-time as is usual, they are related to oxygen consumed in Nirf 
which is afterall the real variable. Again, in the figure, the ‘transi- 
tion’ is defined not as the end of decarburisation as is normally 
depicted but, rather, as the beginning of dephosphorisation indi- 
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cated by a sharp increase in bath temperature.^* Thus the ‘transi- 
tion’, here, takes place at r-' 0- 10% [C] and not at 0 02% [C] and 
the dephosphorisation starts, according to this definition, before the 
carbon has been completely eliminated. It can be seen from the 
figure that the oxygen in metal increases even before the .transition 
and continues to do so after the transition, and the end of the carbon 
reaction coincides with the apex of the oxygen-hump^ The metal 
oxygen reacts with carbon even during the dephosphorisation. 
During the period of increasing oxygen, the carbon-content 
decreases and a small amount of CO is always detectable. Only 
when the oxygen requirement of phosphorus is enormous and the 
oxygen-content suddenly falls, does the carbon monoxide evolved 
become negligible. 

The low carbon-content reached in this process no longer 
possesses any influence on metal oxygen in practice. The iron 
oxide activity of the slag takes the upper hand and determines the 
end-oxygen contents of metal. This is borne out in Fig. 5.12 
where oxygen lies below the equilibrium curve at low C-contents. 
The equilibrium line has been calculated for a total CO+CO 2 
pressure of 0*4 atm, taking into consideration the rise of metal 
temperature during the blow as well as the CO 2 per cent in the 
outgoing gas.**^ At higher C-contents, the oxygen values are 
much higher than the equilibrium values at Pco+Pc 02—0*4^ 
atm. The distance gradually decreases with carbon and at r-' 
0*01% [Cl the equilibrium curve is reached and then subse- 
quently crossed to lower values at lower [C]. For comparison, 
the Vacher-Hamilton’s equilibrium curve, air-blown acid Besse- 
mer curve as well as the average oxygen values in open-hearth 
are also shown. 

Oxygen-enriched air process 

Since the input of oxygen is more in this case than in the air- 
blown process, it is natural that the carbon removal is faster. 
But this rate is slower vis-d-vis dephosphorisation rate as com- 
pared to their rates in normal air-process. This means that for 
the same end-[Pl content, the oxygen-enriched process leads to 
more end-[C] content than in the aerial process. This is pro- 
bably because the smaller amounts of nitrogen in the oxygen- 
enriched process leave less numerous nitrogen-bubbles to act as 
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nudei for CX>«volution and, therefoie, the rate of carbon remo* 
val is slower; the weaker deoxidising action of carbon enables 
high oxygen-build up in the metal which maintains the normal 
rate of dei^osphorisation. This is evident*^ from Fig. 8.5 where 
[d is higher than in the normal process, for the same [P]. In 
the C-O equilibrium diagram, [O] lies much below'*" the equili- 
brium for =1 atm (Fig. 5.14). 

Fig. 5.13 shows the relation between [C] and the Mn-content 
of metal and (Fe) -content of the slag. Although the spread of 
the results of Pottgiesser is wide, yet a relation between [C] and 
(Fe)- on the one hand, and [C] and [Mn] on the other does 
exist. Both these functions — (Fc) and Mn — ^are, however, mea- 
sures of the extent of slag oxidation. 



Fig. .‘i.l.'l-Rolalions between carbon & manganese in steel and Iron in slag 
in Tliontas nroccss blown with air, oxygen-enriched air. R: "*VRcn^arOon 
dioxide mixture. (H. Pottgiesser, Jr., Stahl und l-.isen, 78. 19.->8, 29I-J8). 

Oi^gen-carbon dioxide process 

The behaviour of carbon in O 2 -CO 2 process is shown in Fig. 
5,14. Thomas iron blown with Oo-COo mixture shows that 
[C] and [O] contents are in the neighbourhood of the Vacher- 
Hamilton’s line, in contrast to the normal and oxygen-enriched 
processes. Oxygen, however, lies below the equilibrium curve. 
This may be because the deoxidising action of [P] lowers the 
[Ol-content. 

Fig. 5.13 shows the relation of [C] with Mn and (Fe). The 
end-[C] content of the melt is higher in this process and the figure 
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shows that (Fe) is much lower and Mn higher than the other 
two processes. Fig. 8.5 shows the relation between [P] and [C] 
before and after the dephosphorisation.*® The dephosphorisa- 
tion in this process starts a little earlier and ends at a higher [C] 



Carbon, pr-r cent 

Fig. 5 .14— Relation between tlic carl)on and oxygen -con tents of liquid steel 
in the normal as well as modified oxygen -enriehed, oxy*stcam and oxy- 
<iarbondioxidc Thomas proces.ses. 'Vhe same relation in the finished steel 
is .shown in the lower right hand corner. 

for the same phosphorus than the other two processes. The 
carbon is no longer so active a deoxidising agent as to deplete 
the bath of oxygen sufficiently and thus suppress the dephosphori- 
sation or phosphorus oxidation reaction. 

Oxygen steclmaking processes 

We have seen that the carbon removal from molten steel is 
greatly dependent upon the facilities of nucleation of bubbles. In 
the TTiomas process the innumerable nitrogen bubbles, acting as 
nuclei for the formation of CO-bubbles, lead to an almost unhin- 
dered decarburisation. In the open-hearth, such a large number 
of nuclei are not available bu' the pores and crevices of the 
hearth, unwetted by steel, are the sources of such nuclei. However, 
once the boil starts and continues throughout the bath, the rate of 
carbon reaction becomes dependent on the rate of diffusion of 
oxygen from the slag to the metal, or rather to the place where 
carbon reacts with oxygen with the evolution of CO. The dis- 
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tance of caibon and oxygen from their equilibrium values deter- 
mines the diffusion velocity. The transport of oxygen can be 
accelerated by increasing the distance of equilibrium between the 
slag and the bath. In the stationary top-blown converters, the 
direct impingement of oxygen oxidises the slag greatly in a short 
time, which increases the oxygen delivery (when the boil starts) 
to the bath more rapidly than in the open-hearth. In both the 
cases there is an absence of inter-mixing of slag and metal. There 
is no direct reaction between the slag and the metal except at 
their interface at the top. The importance of diffusion becomes 
less in the rotating coverters and with the increasing speed oi 
rotation the direct reaction between the slag and the metal, due to 
intermixing throughout the bath, assumes importance and be- 
comes the rate controlling factor. With stationary or slowly rota- 
ting converters, reactions take place more or less at the slag/metal 
boundary and the reaction velocity exceeds the speed of transport 
of the reacting molecules to the zone of reaction. With high 
rotating speeds, the reacting surface increases enormously due to 
intermixing between slag and metal, and from a mere interfacial 
reaction we rather get a reaction that occurs throughout the mass 
of the metal and the slag. Thus the velocity of decarburisation 
can be much more accelerated in the rotating converters than in 
the stationary ones, and much more so in the elliptical than in the 
cylindrical types. In cylindrical converters the intermixing is very 
small, only a little more than in the open-hearth or LD. It must, 
however, be borne in mind that if the speed of rotation is very 
high so that the intermixing and decarburisation are of the order 
as in the Thomas process, then the phosphorus removal will be 
delayed till the completion of decarburisation. Carbon is an 
inferior reducing agent as long as CO-cvolution is suppressed 
and, therefore, allows the oxidation potential of metal to rise high 
enough to effect dephosphorisation. As we will see later, a bath 
oxygen of 0-03-0 -04% is necessary for phosphorus reaction to 
take place (of course, if a liquid base is i»'esent to form stable 
phosphate). An unhindered carbon reaction will not allow such 
a high build up of oxygen in the bath until a value as low as 
0-1 %C is reached. 

In this section, the mechanism of carbon reaction in rotating 
elliptical and cylindrical converters is considered, since this dis- 
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cussion will clarify the mechanism of decarburisation, not only 
in all the oxygen steelmaking processes, but also in the open- 
hearth and electric furnaces. The elliptical converter is still in 
an experimental stage but the report on the pilot plant project by 
Hardt et al.^* makes the mechanism of carbon removal simple to 
understand. 

Rotatiiig Converters 

Elliptical vessel : The sp>eed of carbon removal depends upon 
the speed of rotation and amount of oxygen supplied in unit time. 
For a given rate of oxygen injection, the decarburisation increases 
with increase of rotation, more so in the elliptical than in the cylin- 
drical vessels. This is because of thorougli intermixing between 
the slag and the metal in the former, which is more or less absent 
in the latter type of vessel. Fig. 5.15a shows the relation between 
the velocity of dccarburisation and the number of rotations per 
min in an elliptical vessel. As rotation increases, the nucleation 
of bubbles is facilitated and the oxygen transport is accelerated 
due to turbulence. Both these factors favour carbon reaction. 
Therefore, the decarburisation can be controlled at will by vary- 
ing the rotation rate, the highest speed of decarburisation being 
limited by the oxygen activity of slag and amount of oxygen sup- 
plied. For a vessel with a given dimension, there is an optimum 
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Revolution per Minute, 

Fig. 5 .15— Relation between speed of rotation and {a) decarburisation rate 
under slag with different iron contents and {b) iron content of slag with 
different rates of dccarburisation. Initial C-content not shown. Solid lines, 
elliptical vessel; broken lines, cylindrical vessel. (P. E. Hardt, G. Vocke 8r 
H. Schenck, Stahl und Eisen, 81, 1961, 311-20). 
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oxygen supply and rotation speed beyond which the carbon re- 
moval will be so rapid as to precede dephosphorisation or even 
effect a rephosphorisation. 

Fig. 5.15a also shows that the decarburisation velocity depends 
upon (Fe)-slag and for a given rotation rate, the velocity is higher 
at higher (Fe)»contents. This is not contradictory to the nuclea<* 
tion mechanism of carbon reaction. If the number of rotations 
is kept constant, the extent of nucleation will also be the same 
for high or low (Fe). Therefore, once the carbon reaction starts, 
the oxygen transport through the metal should determine the de- 
carburisation velocity. Thus, a higher (Fe) or for that matter, 
higher supply rate of oxygen should increase the carbon removal. 
Further, there is art intimate relation between (Fe) and the rota- 
tion, for a given velocity of decarburisation, as shown in Fig. 
5.1 5h. According to the figure, a high (Fe) with low rotation 
leads to no better decarburisation as by low (Fe) and hi^ rota- 
tion. The reason being inspite of the high (FeO) -activity in a 
slowly rotating vessel, because of inadequate inter-mixing, no 
more oxygen enters the bath than in the case of a low (FeO)- 
activity slag with high rotating speed. As for example, a speed 
of 9 r.p.m. needs 25% (Fe) and a speed of 20 r.p.m. only 
11-5% (Fe) for attaining the same velocity of decarburisation. 

Apart from the influence of speed of rotation, temperature and 
iron-content of slag, the initial content of carbon has a decisive 
influence on the decarburisation velocity. The velocity decreases 
with decreasing initial [Cl-contcnt under otherwise same condi- 
tions. This also happens in the open-hearth. In order to com- 
pensate the falling rate of carbon removal, the speed of rotation 
has to increase correspondingly. This flexibility of controlling the 
decarburisation is totally absent in the open-hearth. There, the 
decarburisation can only be increased at the cost of high iron- 
content in slag. 

Cylindrical vessel : The decarburisation in cylindrical vessels 
follows the same pattern as in elliptical ones, the difference being 
in the rate of the process. The rate rises with increasing rotation 
but to a lesser extent than in the elliptical vessels. In the latter 
type, both the facilities of nucleation and intermixing play a part, 
whereas in the cylindrical vessels the decarburisation increases 
only because of increased nucleation. The turbulence caused by 
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CO-evolution facilitates oxygen diffusion. On comparison bet- 
ween the decarburisation curves in Fig. 5.15a, the flatter run of 
the curves in the cylindrical vessel is at once indicated and, on the 
other hand, it is clear that higher (Fe) is necessary for the same 
rates of rotation and decarburisation, than in the case of elliptical 
vessels. This can only be explained by the slower delivery of 
oxygen from slag to metal in the cylindrical vessels. 

Fig. 5.15a makes it clear that the delivery of oxygen to the 
bath depends only on the amount of CO evolved. The amount is 
small because, initially, the [C]-content has been low (0*9-1 -5% 
[C]) and, therefore, the turbulence has also been limited. The 
flat run of the curve indicates that decarburisation cannot be deci- 
sively increased by increasing the r.p.m. This again supports 
the assuniption that once the ‘boil’ starts, the further rate of decar- 
burisation is determined by the rate of oxygen delivery from slag 
to bath. In the case of elliptical vessels, the decarburisation rate 
is low with initially low [C] in bath but the rate rises with in- 
creasing r.p.m., since it increases the intermixing and conse- 
quently the delivery of oxygen. 

As in the elliptical vessels, the (Fe)-slag is related to the r.p.m. 
(see Fig, 5.15/)) in the cylindrical vessels as well. But, for the 
same rate of decarburisation, the (Fe)-slag is higher in the latter 
and also, above 17 r.p.m., there is no marked lowering of (Fe). 
This has significance in the Kaldo process. There, a high (Fe) 
can be built up with slow rotation in order to favour dephos- 
phorisation (low r.p.m. suppresses the carbon removal as well) 
and the decarburisation can be increased later by higher r.p.m. 
with the consequent low end-(Fe) of slag, thus diminishing the 
iron loss. 

With proper control of rotating speed, dephosphorisation can 
always be made to precede decarburisation in both the types of 
the vessels. Therefore, the refining time is dependent on the 
velocity of carbon removal only, which in its turn depends on the 
rotation speed and rate of oxygen delivery. An increase of both 
increases decarburisation, the more so in the elliptical vessels. 
In cylindrical vessels, since the rotation speed has no influence 
on decarburisation after a certain limiting value, there is an opti- 
mum intake of oxygen beyond which free oxygen would escape. 
In the case of elliptical vessels, this optimum is much higher and 
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much more oxygen can be consumed with the consequent very 
large velocity of decarburisation. 

The discussions in the foregoing section will help in the under- 
standing of the decarburisation rates in the oxygen*steelmaking 
processes, the end-oxygen contents in the metal and the iron- 
content of slag in such processes, as well as how the rate can be 
influenced by creating a controlled turbulence, so as not to preju- 
dice early dephosphorisation. It may be mentioned again that 
the dephosphorisation needs high oxygen potentials in the bath 
and the slag, a liquid reactive basic slag and sufficient turbulence 
for increasing the slag/metal interface. Carbon is a strong re- 
ducing agent in the presence of facilities for nucleation and, 
therefore, does not allow the oxygen potentials of the metal and 
slag to rise high enough for dephosphorisation to set in, if the 
carbon-oxygen reaction proceeds unhindered. Top-blowing of 
oxygen in stationary and rotating converters, with controlled 
r.p.m., helps to suppress the carbon reaction and p)ermits sufficient 
build-up of oxygen at the slag/metal interface, as in the open- 
hearth (where carbon reaction occurs at the hearth bottom), so 
as to effect an early removal of phosphorus. 

L D Process : This process is metallurgically similar to the 
open-hearth. The carbon reaction will be evident from the dis- 
cussions on pp. 216j 274-78 and from Figs. 8.14, 2.6 and 10.4. 

Kddo and Rotor processes : The principles involved in the car- 
bon reaction have been discussed in the preceding sections. They 
will further be evident from Figs. 10.4, 2.8 and 2.10 and dis- 
cussions on pp. 33-38, 217-19 and 274-78. 

Electric Steel : The carbon reaction is similar to that in the 
open-hearths. The reader may also refer to discussions on 
p. 353. 
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Chapter VI 


THE REACTIONS OF SILICON AND MANGANESE 

General 

The elements Si and Mn are invariably present in pig iron. The 
blast furnace metal is the major source of these elements, intro* 
duced in the steelmaking furnaces. Their contents depend upon 
the nature of raw materials employed and the conditions under 
which iron is made. While Si in iron is unavoidable (although 
its content can be kept under control in the blast furnace), Mn is 
generally added deliberately, for without it a reasonably clean 
steel cannot be made. Manganese also helps to keep the sulphur 
in pig iron at a low level. In the basic open-hearth, making from 
low to medium carbon steel, it is usual to have 0- 3-0-4% Mn in 
the metal at melt down to prevent an over-oxidation of the bath. 

In basic steelmaking, Si is oxidised more or less completely into 
silica which is acidic and does not play any significant role in the 
steel bath, except in so far as that a higher Si-content would 
require more lime in order to maintain a certain level of basicity. 
But Mn, which is oxidised to MnO, docs not enter the slag entirely 
and the Mn-content of the metal depends upon the temperature 
and the composition of the slag. The transfer of Mn from the- 
slag to the metal and vice versa is of importance, not only be- 
cause the metal itself is valuable and, therefore, its loss into the 
slag by oxidation should be minimised, but also (and it is almost 
legendary, especially amongst the German steelmakers) its final 
content in the bath is an indication of the quality of the finished 
product. It is believed that clean steel is obtained when the 
metal and slag conditions are such that the transference of Mn 
from the slag to the metal is favourable. In the acid open-hearth, 
the reduction of Mn from the slag and of Si from the slag as well 
as from the silica lining of the hearth play an important part in 
the process. The extent of the reduction of Si, although not an 
economic problem, does influence the steel quality. 

A knowledge of the oxidation-reduction mechanism of Si and 
Mn is helpful in ascertaining, qualitatively as well as quantitatively,. 
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the conditions that control or influence the transfer of these ele- 
ments from the metal to the slag and vice versa. If the equili- 
brium conditions governing the direction of these reactions arc 
known, it would be possible to find, from the constituents present 
in the metal and the slag, how far the system is away from the 
equilibrium and how to deal with it, if necessary, to our advantage. 
The physico-chemical laws which are valid for the oxidation of 
elements in the converter processes should also be applicable in 
the open-hearths as well. In the converter, the time taken for 
the completion of the oxidation reactions is small because of the 
intimate mixing between the metal, the slag and the air. In the 
open-hearth, the process, lasts considerably longer and, therefore, 
the conditions for attaining an equilibrium are much more favou- 
rable than in the converter. In practice, it has been found that, 
in the open-hearth, the nearness to the equilibrium of the reactions 
of the components taking part, viz: Mn, Si, P, S, are considerable. 

Steelmaking mostly involves the oxidation of Si, Mn and C. 
The order of elimination of these elements is as above, although 
purely from the values of the free-energies of oxidation, the order 
should be Si, C and Mn. The silicon oxidation has the largest 
negative value of free-energy and is, therefore, eliminated first 
during steelmaking. Although, according to frec-energy con- 
siderations, carbon should be eliminated before manganese, in fact 
the latter takes tlie place of second in order because its oxidation 
is facilitated by its oxidation product MnO going to the slag as 
silicates and being held there in a state of low activity. Further, 
the products of oxidation of Si and Mn are solid or liquid slags, 
whereas that of C is gaseous. The evolution of CO is restricted 
by the factor of bubble formation or its diffusion into the air 
bubbles, as in the converters. Both these factors are inherently 
slow and, therefore, the carbon reaction itself is a much slower 
process than those of Si and Mn. The effect of temperature is 
such that the hotter the metal, the slower is the elimination of Si 
and Mn. In an acid converter, if the metal temperature is high, 
the silicon reaction is delayed and, before it is completely re- 
moved, the carbon reaction starts, thereby causing some silicon 
to be retained in the bath at the end of the blow (cf. Fig. 3.21 
and p. 95). 

We will discuss at first the reactions of only manganese in the 
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basic process since silicon is almost completely removed in sudi 
a process and is of little significance in the slag-metal reactions. 
In the acid processes, the reactions of both Si and Mn will be 
narrated together because their oxidation-reduction follows the 
same pattern. 

Reaction of Manganese in basic processes 

The manganese oxidation reaction is exothermic. MnO with its 
m.p. of 1,750°C is almost insoluble in iron. The oxygen in the 
metal which oxidises Mn, is obtained from (FeO) of the slag. 
This slag iron oxide always keeps the iron supplied with the neces- 
sary oxygen. The reaction may be deemed to take place at the 
slag-metal interface, according to Eq. 3.15. The manganese 
equilibrium reaction under pure FeO-MnO slag and the equili- 
brium constants are given by Eqs. 3.15-3.17. The constants have 
been calculated by using mol fraction or wt. % of (FeO) and 
(MnO). The constant JS^Ma has been found to decrease and the 
[Mn] to increase, with the increase in temperature. In complex 
slags, the constant is no longer non-variable and varies according 
to the basicity or the acidity of the slag, since the activities of FeO 
and MnO also undergo changes. (In terms of activities the 
constant must, however, be invariable.) The reversible reaction 
in the basic process is different from that in the acid. In the 
basic slag, the MnO exists more or less as a ‘free oxide’, whereas 
in the acid slag, which is saturated with silica, the MnO is bound 
as a silicate. The reduction of Mn in the basic process is, thus, 
much easier than in the acid one. 

Tammann and Oelsen^ have calculated Kmq various 

steelmaking data and shown the tremendous influence of the slag 
basicity on the constant. According to them, the constant de- 
creases with increasing basicity. They conclude that the Kmh 
behaves as a constant when (2CaO — 1 • 18 ;g P 2 O 6 ) is more than 
the lime necessary to form 2 Ca 0 .Si 02 and is independent of lime 
further. But if it is smaller, then the with decreas- 

ing lime, i.e. the oxidation of Mn is facilitated. Maurer and 
BischoF have studied the influence of acidity and basicity of the 
slags on Mn • They have observed that P 2 O 5 increases the 
J^Mn > which is probably because of an effective decrease of lime 
due to the formation of calcium phosphate. MgO increases the 
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^Mxi) probably because it loses its basicity at high temperatures. 
Alumina decreases the constant with low- and increases it with 
high-slag silica contents. They explain the phenomenon by assum- 
ing the formation of FeO-AUOa at low silica (which probably 
decreases the upeo) ^od Al-Mn-silicate at high silica contents 
(which probably decreases the UMnO)- Further obseraations 
show that Si and P shift the equilibrium positions of manganese 
(this is probably because of a change in the activity of [Mn] in 
the presence of Si and P, the formations of a silicide and a phos- 
phide being anticipated). The variation of the J^Mn with the 
temperature has been found to be a function of, especially, Si02 
content. 

Other investigators®'^ have also arrived at almost the same con- 
clusions in their works on the manganese equilibria. They have 
all used weight per cent in the equilibrium equation. 

In view of the failure of the earlier attempts to evolve a ‘true’ 
constant for the manganese equilibrium, Schenck and Riess® have 
made an attempt to find it, basing their calculations on the ‘free 
oxide’ theory. For every slag, at a given temperature, there are 
present (FeO) and (MnO) as free oxides, for the given concen- 
trations of (S Fe), ( SMn), (S SiOg), ( S CaO), (S P2O5), 
as obtained by analysis. These ‘free’ values could be obtained 
from the charts they have produced from various steelmaking 
data.® They have found that the manganese reaction leads to an 
equilibrium between the ‘free’ (FeO) and (MnO) concentrations 
in the slag and [Mn] in the metal governed by Korber and Oelson’s 
value"^ under pure FeO-MnO slag. 

log ^:'Mn = log (FeO).[Mn]/(MnO) = — 6,232/r + 3 026 

6.1 

These workers® have found that the [Mn]-content, in the ab- 
sence of more than 0*02% [P] in the metal and 6% (MgO) in 
the slag, increases with (i) increase in the temperature, (ii) in- 
crease in the (S MnO) of the slag (iii) increase in the (CaO') 
of the slag where (CaO')=(S CaO) — 1-57 (S P2O3) (iv) 
decrease in the ( % Fe) of the slag, (v) decrease in the ( S Si02) 
of the slag. An increase in the [P]-content increases the [Mn], 
whereas an increase in the (MgO) decreases it. They have 

15 
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drawn diagrams which show the inflaoioe of temperatOre, 
S FeO), (S MnO), (SCaO), etc. on K'ua- 

We have already discussed the practical utility but the tlKored- 
cal unsoundness of Schenck's free oxide theory. A m(»e radical 
approach should be the use of the activities instead of the con- 
centrations for finding the constant of the manganese reaction 
(Eq. 3.15) : 

log i:Mn= log «MnO/(flFeO •% [Mn])= 7,406/7—3-436 6.2 

Eq. 6.2^ can be successfully used for calculating the [Mn] under 
a given slag at a known temperature from the activities of (FeO) 
and (MnO) as given in Figs. 4.4 and 4.7. This equation further 
helps us to find whether the Mn-reaction reaches equilibrium in 
practical steelmaking, by comparing the calculated and analytical 
values of [Mn]. It further enables the operator of melting shops 
to adjust the slag composition and the temperature for obtaining 
the desired manganese in steel. 

Example ^ : Determination of [Mn] in equilibrium with a 
known slag. 

Let the compositions of the slag and the mol fractions of the 
components be as given on p. 151, Table 4.1 Since N FeO = 
0-07, Fig. 4.7 (a) and (b) are to be used. From (a), a MnO — 
0-18 and from (b), a MnO= 0-13, when NcaO+MgO = 0*58 
and NmuO — 0-06. Linear interpolation, between these two 
values, gives aM„o= 0-16 at JVFeO= 0-07. From Fig. 4.4(o) 
apgO z= 0-34 for the given slag. At, say, 1627'’C, =2-897 

from Eq. 6.2 and, therefore, 

[Mn] = 0-16/(0-34.2-897) = 0-163%. 

Bask Open-hearth 

The behaviour of Mn in the basic open-hearth is of importance 
not only for the economy of the element but also for following 
the overall course of the process. In order to find bow Mn in 
the metal changes with the change in the temperature and slag 
compositions, we must, at first, know the equilibrium concentra- 
tion of [Mn] for a given slag at a given temperature. The move- 
ment of Mn from the metal to the slag or from the slag to the 
metal can be best studied from the distance of [Mn] from tile 
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equilibrium values. Thus, the primary aim for any study of the 
mai^anese partition should be to ascertain whether an equili- 
brium between the slag and the metal, with regard to the manga- 
nese reaction, is at all reached during the course of any particular 
steelmaking process. If the equilibrium is reached, it would not 
be difficult to find, during the heats, the distance of the actual 
[Mn] from the equilibrium concentration. From the known value 
of ^Mn 2 ny temperature, the melter is in a position to adjust 
the slag compositions in order to attain the necessary activities 
of MnO and FeO, so that a maximum manganese recovery is 
possible. The variation of the slag composition can, however, be 
done only within limits, taking care of the [P] and [S] contents 
of the metal. 

There is no dispute regarding the fact that the manganese re- 
action reaches equilibrium in the basic open-hearth practice. A 
comparison between the analysed and the calculated values of 
[Mn] with the help of Eq. 6.2 and the activities of MnO and FeO 
for different slag compositions (c/. p. 226), shows that an equi- 
librium is reached between the slag and the metal for all practical 
purposes.® The equality of the observed and the calculated values 
of [Mn] shows that the manganese distribution between the slag 
and the metal, in both the acid and the basic open-hearth furnaces, 
is also independent of the metal carbon. Further, this equili- 
brium has been found to be quickly re-established after being 
disturbed by changes in the temperatures and/or additions of pig 
iron, lime, iron and manganese ores, ferro-manganese, etc., which 
indicates that the transfer of manganese between the metal and 
the slag is a rapid process. 

Larsen^ and Schenck and Riess'^ ® have also shown that an 
equilibrium is reached, especially at the end of the heat, after 
additions of Mn-ore and ferro-manganese. In the case of Mn- 
ore addition, the (MnO) -slag increases, which gradually induces 
both its reduction as well as the transfer of Mn to the bath till 
the equilibrium is attained. On the other hand, the addition of 
Fe-Mn to the bath causes a sudden increase of [Mn] to a peak 
value which subsequently decreases, due to oxidation, until the 
equilibrium value is reached. In both the cases, the actual [Mn]- 
content closely approaches the expected equilibrium value in 
about an hour after the additions, which is rather fairly rapid. 
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Further evidence of the attainment of manganese reaction equi* 
librium is borne out in Fig. 6.1.^** Here the calculated [Mn] has 
been found, not from the activities but rather from the number of 
moles of (FeO) and (MnO), with the help of the equation, 

.08 K M. = log -JXm = >0.nO/T-2-m 6.3 



Fag, 6.1-- Ratio of observed and calculated residual manganese in basic open- 
iicartii heals as function of lime-silica ratio. (I.. S. Darken & B. M. Larsen 
Trans. AIME, 150, 1942, 87-112). 


«MnO ”FeO ^^e the numbers of moles of the two oxides 
in 100 gm of the slag. Ferric oxide is also taken into considera* 
tion by adding 3 times its number of mol to those of FeO. The 
ratio of %[Mn]-(analysed)/%[Mn]-(calculated'* is plotted 
against the basicity ratio (Ca 0 - 4 P 305 )/Si 03 in mol. It is ob- 
served that the Mn-ratio is in the neighbourhood of unity (i.e. the 
equilibrium is reached) when the basicity ratio is above about 
2-4. That the calculation is valid with the mol concentrations, 
instead of with the activities, only reveals that above a basicity of 
2-4, the molecules of FeO and MnO in the slag are substantially 
free and mol concentrations are, at least, proportional to their 
activities, or, that the combinations of these oxides with the slag 
constituents are such that the mol ratios of the two oxides are 
equal or proportional to their activity ratios. Below a basicity 
of 2-4, Mn-ratio is below unity, i.e. the calculated values are 
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much moie than those observed. This can only mean (if the 
equilibrium is reached in reality) that at a lower basicity, i.e. at 
higher slag silica-contents, the oxides FeO and MnO enter into 
combination with silica, the effect being the mol ratios are no 
longer proportional to their activity ratios and the net effect is 
less pronounced in the case of FeO than of MnO (the activity of 
MnO is reduced by a greater extent). The fact, however, re- 
mains that at higher levels of basicity, the equilibrium is reached 
in the open-hearth, the observed and calculated ratios being con- 
sistently near unity, i.e. the two values are nearly equal.^®-!^ 

Hie significant points that emerge from the above consi- 
derations are that (i) the Mn-oxidation is dependent on the 
(FeO) -activity, i.e. the oxygen potential of the slag (i7) the Mn- 
reaction Is independent of the [C]-content and, therefore, of the 
oxygen potential of the bath (Hi) the Mn-reaction is dependent 
on the (MnO) -activity. These point out to the fact that the Mn- 
oxidation can only take place at the slag-metal interface. The 
metal at the interface maintains the same oxygen potential as the 
slag. That the equilibrium between the slag and the metal is 
established in a short period, shows that the rate of oxidation of 
Mn is fairly rapid. (It may be mentioned here that the oxygen 
potential of the bath attains that of the slag at low carbon con- 
tents, r-* 0-05%). The Mn-oxidation is facilitated by the solu- 
bility of MnO in the slag, where it exists in a state of low activity. 
This is because (and it is another point to the assumption that t^ 
reaction occurs at the slag-metal interface) the oxygen content of 
the bath is not high enough for Mn to react in the bath itself, with 
the separation of FeO-MnO slag, as can be seen from Fig. 3.9. 
It is true that, apart from the reaction rate of [Mn] and [O], the 
rate of transfer of Mn from the metal to the site of the reaction 
plays a part in the manganese partition between metal and slag; 
but this postulate becomes more or less unimportant because of 
the turbulence caused by the vigorous ‘boil’. 

As has been mentioned above, the [0]-content of the bath is 
not enou^ for effecting the oxidation of [Mn]; but on the addi- 
tion of hot metal (jHg iron) during or after the melting, a rapid 
oxidation of both Mn and Si takes place. Although, the pre- 
sence of Si should keep [O] at levels lower than in the Si-free 
melts, yet it is surprising that a considerable amount of [Mn] is 
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oxidised and goes into the slag. The reason for such a behaviour 
lies in the fact that the Mn-reaction occurs at the slag-metal in- 
terface and also that the (MnO) forms a silicate with the decnd- 
dation product of Si (i.e. silica) and this silicate formation lowers 
the activity of (MnO), resulting in the transference of Mn from 
the bath to the slag. As the heat proceeds, this acid silicate dis> 
solves more and more of CaO and MgO, which are strong bases, 
from the hearth refractories and lime additions. The bases form 
silicates with the silica. Further, when they begin to dissolve, 
they displace MnO from the silicates, which results in a consi- 
derable increase of the activity or ‘free’ (MnO) (c/. Fig. 4.7), 
facilitating a Mn-reduction to the bath. 

Manganese is a costly metal and every effort must be made 
to prevent its loss in the slag as far as the steel quality permits and 
is not affected. Killing^’ and Back^^ have studied extensively 
the various conditions which could give the maximum recovery of 
the element in the metal. The recovery coefficient Q has been 
formulated as Q — wt. of Mn in steel/ wt. of Mn in slag. It is 
easy to recognise that, in consideration of the Eq. 3.16 which 
includes the term (MnO) -slag, the value of Q depends upon the 
quantities of steel and slag, apart from the effect of chemical 
conditions. 

Killing concludes from his investigations that the quotient Q 
(and consequently [Mn] in steel) increases : 

(i) if steel is tapped during the maximum Mn-reduction or 
reversion. 

(«) if Mn-addition is not too high (1-6 — 1-8% max.) 

{Hi) if the base is neither in excess nor deficient (because in 
both cases the activity of MnO decreases (cf. Fig. 4.7). 

(/v) if the acid elements in the metal are small; too much of 
Si, P will give too large amounts of acid oxides on oxida- 
tion, which would lower the MnO-activity. They would 
also increase the slag bulk for maintaining a certain basi- 
city, which means an increased loss of Mn in the slag. 

(v) if Mn is added in metallic form. 

(vi) if the temperature is as high as possible (because the exo- 
thermic Mn-oxidation reaction is suppressed as the t«n- 
perature increases). 

Killing in his observations, however, seems to have completely 
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oveiioolced the influence the iron content of slag on the reco* 
very coefficient Q. Schenck** has arrived at almost the same con* 
dusions as those Killing in, however, a little different approach 
to the problem. He has taken into consideration the effect of the 
rate and extent of decarburisation as well. Decarburisation re* 
quires a definite (Fe) -content of slag which depends upon the 
temperature, the final [C]-content and the residual composition 
of the slag. Schenck, further, shows that the lower the [C]-con< 
tent at which the ‘boil’ ends, the lower the Q or the uffiisation 
of Mn, provided the temperature, (S Si02) and (S CaO') are 
the same. 

A considerable loss of manganese in the slag is unavoidable 
in the basic open-hearth practice. Slag weight is also of utmost 
importance for a good Mn-recovery, since it is not the total 
amount but wt. per cent of (Mn) in the slag, which controls the 
equilibrium relations in the Mn-reaction. About 70% of Mn 
(depending, of course, upon the initial Mn/Si in pig iron) in the 
non-flush and about 85-90% in the flushing practice are lost in 
the slag, and this loss naturally increases if the slag weight in- 
creases unusually. In an acid slag the (MnO) is bound as silicates 
and, as such, its activity is lowered, resulting in the escape of 
[Mn] to the slag. If the slag is too basic, the slag weight as well 
as the (FeO) increase (Fig. 3.7). Now, from Eq. 3.16, [Mn] is 



Fb. 6.2— Effect of slag basicity on residual manganese in scrap-hot metal 
nm-flush and high hot metal flush basic opcnhearth practices. (W. O. 
Philbrook & F. M. Washburn, Basic Openhearth Steelmaking, AIME, 
Copyright 1951.) 
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proportional to (MnO)/(FeO). If (FeO) increases, then natu- 
rally [Mn] would decrease. It has been found, generally, in 
practice that a ratio Ca0/(Si02+P206) of between 2* 1-2*3 ^ves 
an optimum recovery of manganese (Fig, 6.2).^* 

Schenck has found that the Mn-recovery decreases at a low car- 
bon finish. As long as carbon is present in a sufficient quantity, 
it holds the (FeO) -value at a low level. It can be seen in Fig. 
3.7 that, for a given basicity, the (FeO) -slag increases as the 
carbon drops. Therefore, the residual Mn drops as the bath 
carbon drops (see also Figs. 6.3 and 6.4). 

The relative amounts of Mn and Si in the pig iron also play a 
part. If the initial Mn is high, the residual Mn will also be high, 
at the same initial Si-content. But with a high initial silicon, 
more of lime would be necessary to make the required basicity, 
which would lead to an increased slag volume and the advantage 
of high manganese input will be lost. The effects of C, Si and 
Mn on the Mn-recovery are shown in the Fig. 6.3.'^ The curves 
C and D show clearly the deleterious effect of a high initial Si in 
the pig iron. The extent of recovery is the same, although the 
Mn input in D is much less than in C. 



Fig. 6.3 —Effect of Mn & Si in hot metal on relation between carbon & man- 
ganese contents of bath in basic openhearth non-flush practice. (W. O. 
Philbrook & F. M. Washburn. Basic openhearth Steelmaking, AIME, 
Copyriglit, 1951). 

The value decreases with rising temperature. From the 
Eq. 3.17, this means that for a constant (MnO)/(FeO) ratio in 
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the slag, the Mn in the metal must be higher. Thus, an increased 
temperaOire fadlitates the reduction of Mn from the slag to the 
bat^ other conditions remaining the same. The effect of tern* 
perature on the Mn-recovery is clearly shown in Fig. 6.4.^^ 
Recently, Vom Ende et al.^^ have investigated thoroughly, in 
the laboratory, the manganese equilibrium reaction with slags 
similar to the basic open-hearth ones. They also find that the 
reaction, in practice, reaches equilibrium at all stages. The ratio 
(MnO)/[Mn] decreases, i.e. [Mn] increases, as the basicity in- 
creases and the manganese reduction from the slag to the metal 
becomes negligible when the CaO/SiOe ratio approaches 2- 8. 



Fig. 6.4— Effect of temperature on residual manganese in scrap-hot metM 
nm-fiush (upper curves) and high hot metal flusii (lower curves) basic 
openhearth practice. (W. O. Philbrook 8e F. M. Washburn, Basic open- 
hearth Stcelmaking, AIME, copyright 1951.) 

At this ratio the slag becomes saturated with lime and tricalcium 
silicate. The lime-saturation line with (MnO)/[Mn] ratios at 
various slag compositions are shown (Fig. 6.5) in the ternary 
diagram CaO'-SiOVFeO' (=100). Actually, these three consti- 
tuents form about 80% and the rest 20% includes oxides and 
sulphur. 

The investigators conclude that in the regon of ‘lime-unsatura- 
tion’, 

(i) with constant basicity and increasing (FeO), the a PeO 
increases and, therefore, the Mn suffers an oxidation, 
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(//) with constant (FeO) and increasing basicity, the npeO 
decreases and therefore the Mn is reduced from the sh^ 
to the metal. 

In the iime-saturated’ region 

(i) an increase in (FeO) means an increase in its activity 
(cf. p. 319) and, therefore, an increase, in the oxidation 
of [Mn]. 

An increase in the temperature favours Mn-reduction (since 
the oxidation reaction is exothermic). Also, the upeO decreases, 
inducing further the reduction of the element. 


SUf^ 



Fig. 6.5— The (MnO) /[Mn] ratios at various openhearth slag compositions 
and along the lime-saturation line at 1^650*' C. (H. V. £nde, R. Barden- 
heuer & £. Schurmann, Stahl und £isen, 82. 1962. 1051). 
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bqporiaim Manganese in tte bade process 

The Mn-content of the bath and the (MnO) of the slag partly 
regulate the (FeO) and, thereby, its activity in the slag and con- 
sequently control the oxygen-potential of the bath and, therefore, 
the rate of the carbon removal. In a Mn-free bath, the flame 
oxidation of iron would lead to the formation of FeO, which 
would deliver a large amount of oxygen to the metal according 
to its acquired activity. This oxygen reacts with the carbon in 
the metal. The more the amount of [Mn] present in the bath, 
the more of MnO will be formed according to Eq. 3.15 and, 
correspondingly, the (FeO)-slag will decrease. Thus, the transfer 
of oxygen to the bath would be reduced, resulting in a lower rate 
of decarburisation. The importance of Mn becomes evident, 
more at' the end of decarburisation, in especially low-carbon 
heats, where a large transfer of oxygen from the slag to the bath 
has to be prevented or minimised. This can be achieved in the 
presence of a sufficiently large amount of [Mn]. 

The Mn-reversion is very useful for judging the correctness, 
quality and temperature of a heat. An increase of temperature 
facilitates Mn-reduction. Again, as the temperature increases, 
more and more of lime goes into solution (up to the saturation 
limit, cf. Fig. 6.5) and the ratio Ca0/Si02 rises. According to 
Vom Ende et the K -value decreases as the lime-silica 
ratio increases up to about 2-8, beyond which the iiC^{„does 
not vary much. Increasing the temperature and the basicity of 
slag (up to a certain level) both, therefore, favour the reduction 
of Mn out of the slag. The presence of carbon in the bath 
affects the Mn-reduction in so far as it determines the (FeO)- 
content or its activity in the slag. 

Thus, the increase in bath temperature and the slag basicity 
and the deoxidising effect of carbon all work together in a sense 
favouring the transfer of Mn from slag to bath. As long as the 
carbon reaction takes place, the Mn-oxidation is comparatively 
suppressed. At the end of decarburisation, the oxygen potentials 
of ^th the slag and the bath rise, resulting in a decrease of [Mn], 
if the temperature, however, remains the same. 

Manganese reversion is an indirect indication of the cleanness 
of sted. The cleanness depends, to a great extent, on the final 
oxygen content of steel. The lower the oxygen, the lower will 



236 PRINCIPLES OF STOELM/OONO 

be the amcnint of oxide inclusions formed by the deoxidisers. 
Now, the oxygen depends upon the iron oxide content of the dag 
which also regulates the [Mn]-content of the bath. If the decar- 
burisation is ample in volume and intensity, the reduction in the 
Fe-content of the slag will be considerable, which would lead to 
a Mn-reversion with simultaneous decrease of the metal m^gen. 

The cleanness is also affected by the finely suspended solid 
oxides, formed from the oxidation of Si and A1 contained in pig 
iron and scrap which do not find time to rise to the surface during 
the refining period. These oxides can be liquefied in the presence of 
Mn, depending upon the oxygen in metal. It is easy for liquid 
droplets to coalesce and grow bigger and come to the top. From 
Fig. 11.3, the higher the Mn-content, the less is the amount of 
oxygen required for obtaining liquid oxides. 

Thomas oir bom Bessemer 

The variations of manganese contents with time in the Thomas 
converter are shown in Fig. 2.3. This element is oxidised, simul- 
taneously with silicon, very rapidly and to a great extent and its 
oxidation continues until the carbon removal has proceeded far, 
when the [Mn]-content decreases to 0- 1-0-3% from an initial 
value of 0-6-1 -7%. During the changeover or transition mark- 
ing the beginning of rapid dephosphorisation, the [Mn]-content 
usually rises and subsequently falls again. In the figure, this rise 
takes the form of the so-called ‘manganese hump’, which is more 
or less pronounced, according to the charge and the temperature. 

The oxidation of manganese is given by Eq. 3.15. The initial 
slag formed is an acid silicate because of the slow rate of dissolu- 
tion of lime. The oxidation product of manganese, MnO, is 
bound in a state of low activity in the acid slag, thereby causing 
an extensive removal of the element. During the continued blow, 
the temperature rises steadily and the lime dissolves slowly, both 
favouring the reduction of Mn to the bath. But a part of the 
dissolved lime combines with P 20 s to form phosphate which offsets 
the favourable effect. Further, there is a build-up of FeO in the 
slag, since the oxygen suf^lied by the blast is not entirely con- 
sumed by carbon and this (FeO) contributes to the manganese 
oxidation. Thus, there is overall only a little change in die Mn- 
concentrations during the decarburisation period. 
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Active dejAosphorisation starts when the carbon reaches r-* 
0*10% and the oxygen-content of steel is 0-035%.^® At 
this time of transition, the phosphate of lime and iron oxide in the 
slag are in such concentrations as to be inside the well-known 
‘miscibility gap’ and the slag exists in two phases, one being the 
(FeO-l-MnO)-rich and the other phosphate-rich. The oxide-rich 
slag is in a state of high (FeO)-activity and maintains a large 
amount of oxygen in the bath. The oxygen-content seems to be 
controlled by the (FeO-l-MnO)-contents of the slag, taking into 
consideration the dilution by 20-30% of Si02 and CaO. A 
couple of minutes after the transition, i.e. during the after-blow, 
the higb temperature, high iron-oxide and the phosphorus 
pentoxide all help to flux the lime extensively and the slag com- 
position emerges out of the ‘miscibility gap’ towards the lime- 
saturation line (c/. Fig. 8.4). As soon as the slag becomes 
homogeneous, the high (FeO) -activity of (FeO-f-MnO)-rich slag 
assumes the value of that of the phosphate slag and the bath 
oxygen correspondingly decreases (from the highest value of 0-13 
to 0.090%). The prevailing high temperature, the increased 
MnO-activity of the almost lime-saturated slag and the lower 
oxygen-potential of the bath — all contribute to the reduction of 
Mn to the bath and consequently to the formation of the man- 
ganese hump. Further blowing oxidises more of iron and leads 
the slag composition towards the iron-corner and nearer to the 
gap, which means an increased (FeO) -activity and, therefore, 
oxidation of Mn, which is both slow and steady. 

Although, outside the miscibility gap, the slag is homogeneous 
yet the increasing activity of (FeO), at higher iron-concentrations 
of the slag and in the neighbourhood of the gap even for the 
same (Fe) -content, indicates that the immiscible character of the 
slag has not been lost. If that is so, then FeO and MnO should 
behave as in the immiscible oxide-rich phase, i.e. as in a pure FeO 
and MnO system allowing further dilution of the slag as men- 
tioned above. The manganese equilibrium reaction should follow 
the trend of the pure FeO and MnO system, which has been found 
to be the case by various investigators. It has been found that 
when FeO, MnO and [Mn], as determined from slag and metal 
analysis, are substituted in Eq, 3.16, a reasonable constant*- **'** 
is found which conforms well with the laboratory experiments.*- 
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Kdrber and Oelsen'^ have found that 


(MnO).lOO 

(FeO).[Mnl 


changes according to the basicity of the slag, when the oxides 
are taken as mol fraction or wt. %. They suggest a value of 
1200 for the acid and r-' 300 for the basic slags (CaO/SiOa > 2). 
According to Faust, the value is r— ' 250 for the Thomas process. 
That a reasonable constant is found, by the use of concentration 
terms in the manganese equilibrium reaction, shows that both 
FeO and MnO behave ideally in Thomas slags, which is rather 
surprising in view of the presence of the immiscible region in such 
slags {immiscibUity indicates a positive deviation from ideality)^ 
For a true constant, the activity or activity coefficient must be 
taken into consideration. On this basis £q. 3.16 can be written as» 


_ __ ^MnO __ AMhO /M hO ^ ^ 

nFeO-%[Mni - AFeO./FcO'.%[Mn] 

As an ideal behaviour of both FeO and MnO is doubtful, it is. 
probable*® that, since reasonable constants are found in practice, 
the activity coefficients of these oxides vary in such a way as tO’ 
maintain their ratio a constant in Eq. 6.4. It has, however, been 
found that the actual values of vary from plant to plant 
depending upon the steelmaking practice of each unit. This has 
led to the belief that the manganese reaction does not reach equili- 
brium in the Thomas process. 

Although the manganese reaction may probably attain equili* 
brium in the presence of lime-saturated phosphate slag as dis- 
cussed above, recently there is a consensus of opinion that it does 
not do so in practice.** Under a lime-saturated slag, the equili- 
brium value is given by ; 

(Mn) 100 

. = 160 6.5 

[Mnl (Fe) 

In the Thomas converter, the value 160 is exceeded as the (Fe)- 
content of the slag increases and ranges between 200-275. This 
means that more MnO is formed than the equilibrium should per- 
mit, although the reverse should be expected since the [Mn]-con- 
centration is progressively diminished as the refining proceeds. 
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which would rather delay the delivery of manganese to the place 
of reaction. It is para^xical that more manganese should be 
oxidised than what the phosi^ate slag should do.’^ But this is 
imderstandable, if it is assumed that the slag and metal do not 
attain equilibrium. There are two distinct reaction zones in the 
converter process. One is the gas (air) /metal and the other the 
slag/metal interfaces. The air or blast oxidises [Mn] to MnO 
and a sort of pure FeO-MnO slag is formed around the blast. 
The i^iosphate slag, in its turn, should react with this FeO-MnO 
slag and reduce MnO to the equilibrium [Mn]- value. But it is 
unable to do so and the phosphorus is answerable for the inability. 
It has also been found from calculations that the oxygen-content 
of metal is higher than corresponding to the phosphate slag, but 
it is lower than corresponding to the FeO-MnO slag in this blast 
region. It is important to note that, inspite of the great turbulence 
caused by the blast and consequent borough inter-mixing, the 
slag and metal do not attain equilibrium in the Thomas converter. 
This is borne out by the higher oxygen and phosphorus contents 
at the end of refining than corresponding to the equilibrium values. 

The equilibrium constant ^Mn which, otherwise, can also be 
expressed qualitatively by the distribution ratio between slag and 
metal, i.e. (Mn)/[Mn], apart from its relation to (Fe)-slag, is 
dependent upon the 

(1) temperature, i.e. lower the temperature the higher is the 
ratio, i.e. less of Mn is retained in the bath. 

(2) phosphorus content of steel. Higher the phosphorus, 
the higher is the [Mn]. 

(3) basicity. Higher the basicity the lower is the ratio, i.e. the 
higher the [Mn]. 

(4) manganese in Thomas pig-iron. Higher the manganese 
in the charge, the greater is the ratio, i.e. more of manga- 
nese is oxidised; but naturally the end-[Mn]-content would 
be higher than with low-manganese-charge. 

A good quality Thomas steel is supposed to possess at least 
0*2% of Mn. Below this quantity, the cleanness of the steel is 
affected. Since manganese is a costly material, it is the endeavour 
of every plant to keep its oxidation to the slag under control. 
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The mangaoese efficiency, i.e. the per cent of total manganese 
charged remaining in the metal, is given bynMn> hi^er 
the under certain conditions, the smaller may be the man> 
ganese charged for a ^ven end-[Mn]-content and, for a given 
charge, the smaller will be the manganese necessary for deoxi- 
dation. 

The slag-iron, as is evident from Eq. 6.5, influences the Mn- 
content of steel. Lower the (Fe) at the end of the blow which, 
however, depends upon the temperature and the degree of de- 
phosphorisation, the higher is the manganese. For any desired 
end-IP], the lower the temperature the lower is the (Fe)-slag 
necessary for attaining the given [P] (because dephosphorisa- 
tion is favoured by lower temperatures cf. p. 261). However, 
low temperatures favour Mn-oxidation rather than its reduction. 
Therefore, for practical purposes, the unfavourable effect of low 
temperature on Mn-retention is more or less compensated by the 
favourable effect of low (Fe) at low temperatures. Eichholz and 
Kootz^^ are of the opinion that, for every desired [P]- in steel, 
there is always an optimum manganese efficiency. Fig. 6.6.®* 
shows the relation between [Mn] and temperature for different 
phosphorus contents of steel. The figure is valid for given ‘free’ 
lime, amount of slag and manganese in the charge, since all these 
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factors affect the Mn-content of steel. It can be seen from the 
figure that the highest [Mn] is attainable at lower temperatures if 
low [P] is desired. 

Manganese in steel is dependent on the charged manganese. 
A high manganese charge has the following disadvantages. It 
leads to : 

(1) a high oxidation of iron, i.e. high (Fe)-slag; 

(2) a high end- or final-[0] in steel; 

(3) a high manganese loss in the slag; 

(4) a difficulty in controlling the end point because of dense 
fumes arising at the end. Such fumes are suppressed by 
adding scrap which may lead to cold heats and low teem- 
ing temperatures. 

The ratio (Mn)/[Mn] increases with increasing Mn-content of 
pig-iron and degree of dephosphorisation, but decreases with in- 
creasing basicity of slag. The final [Mn]-content decreases with 
increasing removal of phosphorus. On the other hand, the de- 
phosphorisation is easier, the lower the Mn in the charge, without 
any corresponding increase in (Fe)-slag. 

Reactions of Manganese and Silicon in the Acid Processes 
General 

Investigations on the equilibrium laws of the manganese and 
silicon reactions in acid steelmaking are of importance for under- 
standing the transference of these elements from metal to slag 
and vice versa, although it is doubtful whether the equilibrium 
between slag/metal is reached at all. The simplest slag which is 
in equilibrium with iron, containing Mn and Si, is Fe0-Mn0-Si02. 
At steelmaking temperatures the slag is a liquid and homogeneous 
silicate up to about 50% silica which is the saturation limit as 
already explained (c/. p. 85 and Fig. 3.42). At higher silica 
contents, a heterogeneous mixtuiie of liquid silicate and solid silica 
is formed. The viscosity increases greatly as the solid silica in- 
creases and the high viscosity plays an extremely important role 
in the acid open-hearth process. The limited solubility (50-60% ) 
of silica in the acid slag enables us to melt pig iron in the acid 
process over a silica lining; otherwise, the lining would not only 
erode quickly but the entire Si-Mn reactions would be affected, as 

16 
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we will see later. In practice, the acid slag is not a pure iron* 
mangan ese silicate but Contains lime and alumina, these being either 
deliberately added or are dissolved from the lining. Lime in* 
creases the solubility of silica (to about 70%). It increases and 
the alumina decreases the viscosity of the slag. It should, how* 
ever, be borne in mind that apart from Mn and Si, carbmi is 
always present in the bath. It is the most important constituent 
that exhibits a reducing action on the oxides and, as we will see,, 
this reaction mainly determines the direction of the process. 

In order to have a better appreciation of acid steelmaking, the 
reader may refer, before proceeding further, to the equilibrium 
relations given in the Fe-Mn-O, Fe-Si-O, Fe-Mn-Si-O, Fe-Mn-Si* 
C-O systems and the FeO-MnO SiO^ slag and its variation with 
CaO, AI 2 O 3 etc. In the following sections the equilibrium rela* 
tions are discussed further and, thereafter, the reactions of Mn and 
Si in acid process will be taken up. 

Without going into the works of various earlier investigators, the- 
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Fig* 6.7—Equilibrium concentrations of Mn & Si in liquid iron under FeO- 
MnO-SiO« slags at (a) 1,577®C & (b) 1,627®C. (By permission from ‘The 
Physical Chemistry of Sieelmaking’ by H. Schenck) . 

results of Schenck and Briiggemann^^ on practical works mea- 
surements are discussed here. They have calculated the ‘free* 
concentration of (FeO), (MnO) and (Si02) in the acid slags, 
assuming the validity of Korber-Oelsen’s and LpeO (deduced 
for pure FeO-MnO slags) in acid processes. They have repre- 
sented graphically the Mn and Si contents of the metal when in 
equilibrium with acid slags. In acid slags, the sum ( S FeO) + 
(S MnO) -f (S Si 02 ) = 100, which enables us to represent 
lines of equal [Mn] and [Si] concentrations in a triangular dia- 
gram as functions of (S FeO) and (S MnO), the remainder being 
silica. Figs. 6.7 (a) cfe (fe) are such diagrams® for temperatures of 
1,577° and 1,627°Q the area marked II being the region of the 
presence of solid silica. 

Area II, on the left-hand side of the triangjes, is the region 
where the slag is super-saturated with silica and, therefore, the 
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slag is heterogeneous with two separate phases : liquid slag solu- 
tion and solid silica. The composition of liquid slag in the hetero- 
geneous system is given” by joining the actual slag compositum 
with the lower left-hand comer and extending the line to where 
it meets the boundary with I, the area of liquid silicate. The 
[Mn] and [Si] concentrations would correspond to the slag of 
this new composition. As for example, in the schematic diagram 
Fig. 6.8, the liquid slag composition is given by X where the 
extension of the join of comer Z and the actual slag composition 
Y meets the silica saturation boundary. 

A study of Schenck’s diagrams® reveals the following : 

(1) Addition of lime changes the equilibria involved, resulting 
in an increase of [Mn] and decrease of [Si]. 



Fig. 6.8— Kffect of changes in add slag composition on residual Mn 8; Si, 

(Schematic) . 

(2) For constant values of ( S FeO) and (S MnO), the 
replacement of silica by neutral components (like alu- 
mina) leads to a decrease in [Si] and to a slight increase 
of [Mn]. 

(3) Increase of temperature causes an increase of both [Mn] 
and [Si], for the same slag composition. 

The findings of Schenck and Bruggemann, based on actual 
steelmaking data, are useful for practical purposes. Kdrber and 
Oelsen,®® during their experiments on equilibrium with the metal 
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containing Mn and Si under a silica-saturated ternary FeO-MnO 
SSO 2 slag, have reached the conclusion that such equilibria regard- 
ing Mn and Si can be expressed simply by : 


(S FeO) 

log ^Mn (acid) = log [Mn] = — 7,940/r -H 3-172 

logXsi (acid) = log (S FeO)* . [Si] = — 19,057/r +11-101 

The iCgi equation does not include Si02, since its activity in a 
silica saturated slag is constant and is, therefore, included in Ksi. 

The application of Korber-Oelsen’s equilibrium relations in 
works melts gives much lower values of [Mn] and [Si] than found 
by analysis; whereas, that of Schenck and Bruggemann, gives better 
results although the discrepancies are such as cannot be neglected. 
The carbon reaction and slag viscosity are supposed to be res- 
ponsible for the non-applicability of the equilibrium relations to 
practical heats. More concordant results of Schenck and Briig- 
gemann are probably due to their derivation of the relations from 
practical steelmaking data. 

Before going over to the reactions of Mn and Si in presence of 
carbon and thereafter to the actual acid processes, it may be 
worthwhfle to discuss here how the pure systems Fe-Mn-O and 
Fe-Si-O are affected by FeO-MnO-SiOa slags, with and without 
impurities like lime and alumina.*^ For Mn-reaction, the equili- 
brium index K'^n is given by ; 


(FeO) 


'Mn — (MnO) ’ 


In the pure system, the value of K'mh 1,540‘’C is 0-23 (Eq. 
3.16). But with the introduction of Si02 in the slag, the con- 
stant changes and it is about 0-05 in the region of 0-01-0-1% 
[Mn]. Evidently Si02 affects the activities of both FeO and MnO 
and that, too, to an unequal extent. The decrease in K'md- 
value is due to the fact that as Si 02 is introduced to the pure 
FeO-MnO system, the activity coeflBcicnt of FeO falls at a slower 
rate than that of MnO. The relation between true equilibrium 
constant K'* the X'mh is given by : 



[Mn] 


(FeO) 

(MnO) 


ypeo 

^MnO “ ^"-yMnO 
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orK'Mn=K^*Mn 


^MnO 

‘ ypeo 


Evidently would decrease if Yf^ decreases more slowly 
than vMnO ♦ 

Additions of SiOg, AI 2 O 3 , CaO, all decrease the X'mh -value 
vis-a-vis the value for pure FeO-MnO system. Silica brings the 
value down to about O-OS-O- 1, whereas ^umina and, more so the 
CaO bring it to the order of 0-01. Such additions are, therefore, 
expected to decrease the ratio VMnO/yFeO • From the activity 
diagrams. Figs. 4.9 and 4.6, of MnO and FeO, it is clear that the 
value yMnO =1 (for pure FeO-MnO system) is lowered to about 
0*15 by SiOz and still lower by lime and alumina. In the case of 
ypeo. it is lowered to 0.75 when Si 02 is added to FeO and 
this coefficient increases on further addition of MnO, CaO or 
AI 2 OS. This happens because the Mn>silicate possesses a stronger 
bond than the Fe-silicate. These additions may be deemed to 
be capable of driving out the FeO from its silicate, thereby in- 
creasing its activity. It follows, for example, that the lime lowers 



Fig. 6.9— Dependence of the equilibrium constant K si =[0]’.[Si] in liquid 
iron under silica saturated FeO-MnO-SiOa slags on the manganese content 
of metal. Effects of lime & alumina impurities are also shown. (H. Schenck 
& G. Wiesner, Archiv f.d. Eisenhuettenwesen, 27, 1956, 8) . 
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the JC' Mn -value and makes the reducibility of NfaO more diffi- 
cult. 

The silicon reaction in the pure Fe-Si-0 system®^ is given by 
Eqs. 3.20-3.23. If MnO is brought into the'FeO-SiOa slag in 
the above system, there is a sharp fall of , from 1 • 74.10 ® at 
1,540'*C to about a quarter of its value. Since MnO in idag 
would introduce [Mn] in the metal, a similar lowering of JSTsi is 
seen when it is drawn against %[Mn] (cf. Fig. 6.9). Although 
the addition of about 10% CaO to the new system does not 
further alter K sj much, yet 20% AlaOs effects a larger diminu* 
tion of the Xsi -value. Such a lowering means a lower [O]- 
content in the metal than in the case of pure FeO-SiOa system. 
At the first sight, one may ascribe it to dilution of FeO-SiOa by 
MnO resulting in a lower FeO-content of the slag. But such a 
dilution is caused by AI 2 O 3 or CaO also when added to the pure 
FeO-SiOa system, but the K si and, therefore, the [0]-content8 
are not lowered by such additions. The decrease of K si by 
increasing amounts of [Mn] or (MnO) shows that the smaller 
CO]-content is not correspondingly compensated by a further re- 
duction of Si from slag to metal. One can only imagine that the 
activity of oxygen decreases slower than its concentration. Simi- 
lar phenomenon can, of course, be ascribed to Si as well. The 
causes of this peculiar phenomenon are still unknown. 

The equilibrium relations of Mn and Si, alone or togeffier, 
are affected by the presence of carbon which is almost invariably 
present in the steel bath. The inffuence of carbon on slag-, Si 
and O-isotherms has already been discussed on pp. 92-95. 

In short, if the [Cl-content lies above the equilibrium value, 
It would reduce Mn and Si from the slag until its equilibrium value 
is reached; if it lies below, then CO will not be formed, rather it 
will be reduced to C by Fe, Hn, Si. A decarburisation may, 
however, take place if the partial pressure be lowered, e.g. by 
melting under low pressures or in admixture with foreign gases. 
Temperature has a considerable influence on the equilibrium iso>- 
therms. At lower temperatures and definite [Mn] and [Si]-con- 
tents and slag composition, the C-content in equilibrium is higher 
than at higher temperatures. 

The inferior reducing action of carbon on SiOa and silicate 
slags with decreasing temperature becomes more clear when the 
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deoxidising action of carbon is compared with that of Si and Nbi 
for 1,500° and 1,600°C, as shown in Fig. 3.21. In the figure, 
[Mn] is drawn against [O] when enough silicon is added to the 
melt so that a silica-saturated Fe-Mn-silicate just starts separating 
out; in such a case Mn has its maximum deoxidising action. The 
figure brings out clearly the suppression of silicon oxidation and 
retention of Si in the melt at higher temperatures. 

Add open-hemlh^^ 

In the actual open-hearth practice, the laboratory equilibrium 
e:q>eriment results (cf. p. 92) are not directly applicable. This 
is due to the inhibition of C-O reaction caused by lack of nuclea- 
tion facilities for CO evolution. The resulting sluggishness of 
carbon reaction affects the silicon and manganese reactions bet- 
ween the metal and slag. This will be clear from the data of an 
actual open-hearth practice and the conesponding equilibrium 
values (from Fig. 3.20), based on the same manganese contents 
in both the cases (see Table 6.1).** 


TABLE-6.1 



Constituents 

Actual Open-hearth 
heal % 

Equilibrium % 

Steel 

C 

1.08 

0.05 


Si 

0.18 

0.02 


Mn 

O.OG 

0.06 

Slag 

FeO 

.SI. 3 

S2 


MnO 

11.7 

18 


SiOa 

57.0 

50 


Although the equilibrium value of Si in metal in contact with the 
slag is 0*02%, in actual practice the silicon reduction is to an 
extent of 0-18%. Since the slag and the metal are in direct 
contact and both are stirred by the boil, the possibility of Si-reduc- 
tion from the slag is rather remote. But at the hearth surface, 
where almost pure silica is in direct contact with high carbon 
metal at high temperatures, it is possible for carbon to reduce 
the silica ; 

2 C + SiOa = Si -f 2 CO 

This reaction should give much higher silicon than obtained in 
practice. It does not so happen because the silicon thus reduced 
diffuses to the slag/metal interface where it is oxidised to silica 
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and is incorporated in the slag. Thus, during the later period 
add open-hearth steelmaldng when the furnace is hot, ^re is a 
continuous transference of Si from the hearth to the slag via the 
metal. The final silicon in steel will depend upon the viscosity 
and iron oxide activity of slag, the temperature as well as the 
carbon content of the metal. 

The viscosity of acid slags plays a great role in the oxidation 
processes involved. It will be seen from Fig. 3.20, that a (FeO) 
content of 10% should suffice for the required oxidising effect, 
whereas in actual practice the slag contains 30% (FeO) and still 
the carbon reaction may cease and the boil stop during the 
process while carbon is Ifigh. This can obviously be due to high 
slag viscosity caused by the incorporation of solid silica in the 
already silica-saturated slag. The same oxidising effect can be 
obtained with less than 10% (FeO) if lime is added, which in- 
creases the saturation value of silica from 50-60% to 70-75%. 

It is doubtful whether [Mn] and [Si] reach equilibrium with the 
slag in acid open-hearth. However, Schenck has forwarded dia- 
grams,® based on actual stcelmaking data, depicting Si and Mn in 
metal for different temperatures and slag compositions (Rg. 6.7). 
These are valid for silica-saturated FeO-MnO-Si02 slags. He 
has also given figures for such slags containing 10% of neutral 
constituents, where [Si] and [Mn] are somewhat lower. The in- 
fluence of temperature is such that, at higher temperatures, the 
metal shows higher [Si] and [Mn] values for the same slag com- 
positions. 

The effect of slag compositions on metal can be ascertained 
from the consideration of Fig. 6.7. Fig. 6.8, which is a schema- 
tic diagram of the same figure, shows the [Mn] and [Si] concen- 
trations in bold lines and the thin lines show their concentrations 
after an alteration in the slag composition. The newer values 
are smaller than given by bold lines, as can be gathered from a 
comparison with Fig. 6.7. The bold lines divide the figure in 
four zones — A, B, C and D. 

Suppose, at a given temperature, additions are made to a slag 
of composition x in equilibrium with the metal so that the new 
composition is given by y (area C). Immediately, as the equili- 
brium is disturbed, the bath and slag would react so as to shift 
the metal composition in the direction of y. Again, the slag 
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reaction would tend to shift y towards x. Ultimately, the equili- 
brium will adjust itself, say at a point z. which lies on the strai ght 
line xy. Since, at z both [Si] and [Mn] are lower than at x, it is 
clear that the shifting of slag composition into the zone C has 
resulted in the oxidation of both the elements. A similar argu- 
ment for other areas leads us to the conclusion that additions 
which shift the slag composition into 

area A result in increase of [Si] and increase of [Mn] 

f, B „ „ „ „ [Si] and decrease of [Mn] 

„ C „ „ decrease of [Si] „ „ „ [MnJ 

„ D „ „ „ „ [Si] and increase of [Mn] 

The distance of z from jc would determine the final composi- 
tion of metal. The smaller the amount and the change of com- 
position of the slag, the shorter will be the distance of z from x. 

Addition of iron ore to the slag would take its composition 
towards area C, involving oxidation of both Si and Mn; whereas, 
on the addition of manganese ore, the direction would be towards 
D, resulting in an oxidation of [Si] and reduction of MnO. If 
the Mn-ore contains lot of iron oxide or if the state of oxidation 
of Mn-ore is higher, the iron oxide added or formed would coun- 
ter-act the reduction of MnO. Additions of sand or siliceous 
ores or the reaction of the metal with the hearth would displace 
the slag composition towards B, involving in an increase of [Si]. 

Pure silica of the hearth is always in a state of non-equilibrium 
with the steel bath. Therefore, the hearth will endeavour to attain 
a composition which would tend to be in equilibrium with steel. 
This can only happen by the incorporation of FeO from steel 
and of Mn as MnO (Mn reacting with silica and forming MnO). 
The thin film of slag, thus formed, may penetrate the lining in 
part, and the remainder rising to the top as droplets. This pro- 
cess plays the part of automatic deoxidation so well-known for 
acid open-hearth steel. 

When the hearth surface is coated with such metallic oxide 
films, the role played by silica lining will be much diminished. It 
is for this reason and also for increasing the hearth life, that after 
every cast the hearth is fettled with sand and the surface renewed. 

The role played by manganese in modem American acid open- 
hearth practice will ^ clear from discussions on pp. 51 and 175. 
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Add Bessemer 

The reader may refer to pp. 23 and 350. 

Oxygen Processes'® 

In contrast to Thomas process, the manganese distribution ratio 
<Mn)/[Mn] in top-blown oxygen process is much lower, espe- 
cially in the beginning when the metal and the slag are rich in 
carbon and iron oxide respectively. This retardation of manga- 
nese oxidation is due to the sluggish transport of manganese atoms 
to the place where the slag is formed and the oxygen diffuses in 
the metal. At the end of the blow also, the distribution ratio is 
lower than in the Thomas process. This is understandable be- 
cause in the latter process, the oxygen comes directly in contact 
with the constituents of the metal during the after-blow period 
when the carbon reaction is absent. In the top-blown process, 
the carbon reaction continues to the end (since dephosphorisation 
precedes decarburisation) and, therefore, the manganese oxida- 
tion is controlled only by the phosphate slag. As long as suffi- 
cient carbon is present in the metal, the oxygen cannot build up 
in the zones around the blast. The ratio is also low, even lower 
than the equilibrium values, in the case of top-blowing with simul- 
taneous secondary bottom-blow. 
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Chapter VII 


THE REACTIONS OF CHROMIUM 


'General 

In the presence of oxygen, chromium may form the following 
three oxides : CrO, Cr203, CtOs. The dissociation pressure of 
CrOs is very high and even below r-' 300 °C it dissociates into 
Cr203 and O2. It is presumed that, in acid slags, the element is 
present mainly as CrO with very little of Cr203. In basic slags 
the latter is predominant. 

The behaviour of chromium in the steelmaking processes is 
similar to that of manganese. The latter is, however, oxidised 
more easily. Both Mn and Si are capable of reducing chromium 
oxides and, therefore, act as protectives against the Cr-oxidation. 
As long as sufficient Mn and Si remain in the metal bath, the 
Cr-oxidation is delayed and accelerates only after their removal. 
The effect of temperature is such that, for the same oxygen-content 
of iron or for the same (FeO) -activity in the slag, the Cr-oxida- 
tion increases with falling temperature. 

Since chromium is a valuable alloying element, its retention in 
the bath is desirable as far as possible. But there are circum- 
stances which necessitate its removal from steel, when it accom- 
panies the pig-iron produced from chromium-bearing ores. In 
either case, a knowledge of the behaviour of chromium in the 
slag-metal reactions is most helpful. In short, the oxidation- 
reduction of chromium depends upon the temperature, the com- 
position of the metal and slag, and also upon the amount of slag. 

Add Processes 

Korber and Oelsen^ have carried out experiments with molten 
iron under liquid iron-silicate slag in silica crucibles to which 
ferro-chrome was added. A large amount of chromium is thereby 
oxidised and goes to the slag, with the simultaneous reduction 
of (FeO) from the slag. The results are shown in Fig. 7 . 1 ® for 
1 , 600 °C. The curves I and II show the decrease of (FeO) and 
increase of (Cr) in the slag with increasing [Cr] in the metal 
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The silica content of the slag, however, hardly suffers any change 
as (FeO) is replaced by chromium oxide (curve III). It can be 
seen from the dotted curve V (valid for Mn only) that, in com- 
parison with Mn, the reducing power of Cr for (FeO) is much, 
less, e.g. 0-4% Mn reduces (FeO) to the same extent as r-* 10% 
Cr; these amounts of the two elements reduce individually 0'1% 
Si from the slag (and the crucible) as shown by the curves VI and 
IV. The results indicate that Mn is about 27 times more active 
than Cr. 



% Mn or Cr in metal 

Fig. 7.1 —Equilibrium between iron-chromium melts, iron-chromium sili- 
cates & solid silica at l,600-l,r)40*’C. The dotted lines V & VI show the 

action of manganese in tlie .same sen.se. (F. Korber, Stahl und Eisen, 

56, 1936, 435) . 



%(PeO) in slMf . 

Fig. 7.2— Oxidation of chromium by acid slags at 1,600-1,640*C. Dotted' 
line shows the (MnO) /fMn] values for comparison. (F. Korber. Stahl und 
Eisen, 56, 1936, 436). 
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The similarity of the behaviour of Cr, Mn and Si in acid pro- 
cesses and other considerations have led Kdrber^ to believe that 
CrO is the stable oxide in liquid acid slags. On this assumption, 
the Cr-oxidadon reaction is given by : 

[Cr] 4- (FeO) = (CrO) + [Fe] 7.1 

The equilibrium constant can be written as : 

X = (S Cr)/([Cr].( SFe) ) 7.2 

A straight line obtained from the plot of the above values shows 
that the chromium distribution ratio is directly related to the 
(Fe)-content of the slag. Others®’* are also of the opinion that 
most of the chromium in acid slags, in equilibrium with liquid 
steel, exists as CrO and only a little as CraOg. 

The ratio (S Cr)/[Cr] rises as the (FeO) in acid slags (con- 
taining even CaO, apart from MnO) increases (Fig. 7.2®). The 
ratio is only unity at (FeO) r-' 3% but increases to 28 at (FeO) 
r-' 50%. For comparison, the much higher ratio of Mn-oxida- 
tion, under more or less the same conditions, is shown by the 
dotted line in the figure. 

Since (FeO) decreases as Si and Mn in the metal increase, it 
follows that the oxidation of chromium is inhibited by such in- 
creases. But the condition becomes different when the slag is 
reduced by additions of ferro-silicon during the reducing period 
in electric furnaces producing high-chromium steel. The chro- 
mium distribution ratio decreases as the temperature rises, espe- 
cially above 1,600°C. This beneficial effect is somewhat 
counteracted by the opposing tendency of silicon being reduced 
from the slag, i.e. the less susceptibility of Si-oxidation at high 
temperatures with the consequent failure of the element to exert 
its fullest influence to reduce the chromium from the slag or pro- 
tect it from oxidation. At lower temperatures, silicon should 
help the reduction of Cr from the slag; but difficulties are created 
at low temperatures because of the retarded reaction rate, as was 
faced by Hilty® in reducing the valuable element from acid slags 
in the electric furnace. The relevant equation is : 


2 CrO 4- Si = 2 [Cr] + SiOa 


7.3 
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The reaction is exothermic and, therefore, Cr-reducdon is favoured 
with falling temperature. Hie reaction can be made to inoceed 
to the right if the silica activity of the slag is decreased by increas- 
ing the basicity to a limited extent. 

Basic Processes 

As in the acid processes, the chromium distribution ratio in 
the basic processes also is profoundly affected by (FeO)-slag and 
temperature. High (FeO) and low temperature both increase the 
Cr-oxidation. The ratio is, however, much larger in the basic 
(r-* 2 times)® than in the acid open-hearth process. This sug- 
gests that Cr203 is acidic in nature, at least, in basic slags and its 
combination with lime (formation of stable 2 CaO.Cr20s being 
envisaged, supported^ by petrographic examination) reduces its 
activity which induces further transfer of the element to the slag. 
Lapizki®, Bardenheuer® and Hauck* all agree to the increased 
loss of chromium in highly basic slags. Yavoiskii and Dzemyan* 
find no influence of the basic slag on chromium recovery. Grant 
et have, however, shown that Cr203 behaves as a base in 
basic slags and that the beneficial effect of the basic slag on chro- 
mium recovery is very small. 

As already indicated, the (FeO)-slag plays a vital role and its 
increase leads to a rapid and considerable oxidation of chromium. 
According to Lapizki®, the distribution ratio, in both basic open- 
hearth and electric furnaces, is given by : — 

( ^ Cr)/[Cr] = 0-136 V(FeO)« 

Grant et aP^ suggest that the primary role is played by the 
(FeO) and the temperature; the slag basicity assumes secondary 
Importance. Below r-* 30% (FeO), it plays the leading role, 
whereas above this amount the temperature assumes the control- 
ling factor regarding the chromium reaction. The recovery in- 
creases substantially, especially above LfiOO^C. 

The relation between the chromium distribution, temperature 
and ( S FeO) has been studied by Plocklinger^* in basic open- 
hearth melts containing varying amounts of carbon. Assuming 
the following reaction to take place, 

2 [Cr] -f 3 FeO = CrzO* + 3 [Fe] 

JT = ( ^ Cr203)/([Cr]* . (FeO)» ) 
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Plocklinger has found straight line relations as shown in Fig. 7.3. 
K at 1,600°C = 0-0144. The figure compares the manganese 
oxidation as well. The great influence of high temperatures and 
low (FeO) on the chromium reaction is clear. 



Fig. 7.3— The temperature dejK'tidencc of chromium and manganese oxida- 
tion under basic slags. (E. Plocklinger, Archiv f.d. Eisenhuetlenwe.sen, 

22 , 1951 , 283 ). 

[The underlined elements denote their presence in steel] 

Malcor ^2 assumes the same reaction and suggests K' = 0-069 
in the following equation : 

K' = [Cr] . (Fc)^ / ( SCr) 2 

Chromium oxidation is inhibited in the presence of large 
amounts of carbon, since the Cr-activity is lowered by carbon. 
As the refining proceeds and carbon decreases, the Cr-oxidation 
increases simultaneously. It is higher, the lower the temperature 
and the carbon-content reached. For making high chromium 
steel, it is usual to reduce the slag and, therefore, the Cr-oxidc 
with ferro-silicon during the reducing period in the electric fur- 
nace, in order to recover 80-90% of chromium from the slag. 
Although the high temperature helps in the recovery, it is endea- 

17 



2S8 


PRINCIPLES OF STEELMAKING 


voured to arrive at the ‘reducing period’ with a low temperature.” 
This is because, the silicon oxidation reaction is highly exothermic 
and the intense heat evolved inhibits the silicon oxidation and, 
thus, the slag reduction is suppressed. When the temperature is 
high, it is best to use low silicon ferro-alloy so that the large 
amount of metallics would itself cool down the slag. In making 
stainless steel, Rassbach and Saunders” have found that during 
the reducing period, the chromium recovery increases with rise 
in basicity.” But at (Ca0-}-Mg0)/Si02=l-4-2'2 the slag is 
no longer in equilibrium and the reduction recovery more or 
less stops,^® perhaps because of the Increased viscosity of the 
slag. At a basicity ratio of 1, the chromium in the slag is 
about 10% and it is about 5% at a basicity of 1*4, above which 
there is no further reduction. 



CdO/ ShOpi 


Fig. 7.4— Influence of iron oxide content and basicity of slag on chromium 
recovery. (Basic Openhearth Steelmaking» p. 240, AIME, Copyright 1951) . 

As in the case of manganese, the recovery of chromium in the 
basic open-hearth is facilitated by (a) a hi^ slag basicity (b) a 
high temperature (c) a low (FeO)-slag, or high bath carbon, as 
a corollary (d) a low slag volume. Below Ca0/Si02 of 2-0- 
2-2, the adverse effect of the high (FeO)-slag is enormous as can 
be seen from Fig. 7.4. The figure has been computed by Soler” 
from the oxidising slags at melt down in the electric furnace, but 
it may be useful, as a qualitative guide rather than quantitative, 
elsewhere. 
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THE REMOVAL OF PHOSPHORUS 


General 

The presence of phosphorus in steel, except in certain special 
grades, is detrimental to its quality and therefore has to be 
eliminated to below a specified amount. The removal of phos- 
phorus takes place by oxidation, the product of the oxidation, 
P2O5, being held in combination with basic constituents in the 
slag. The extent of the removal is governed by the equilibrium 
condition which is characteri.sed not only by the metal and slag 
compositions but also by the temperature. We have already 
discussed all these aspects on pp. 95-114. 

We have seen that iron oxide by itself is unable to eliminate 
phosphorus from iron to any great extent. In practical steel- 
making, lime is used as a base strong enough for the purpose. 
Schenck & Riess^'" put forward the following equation for phos- 
phorus equilibrium, assuming 4Ca0.P205 to be rather more 
stable than 3Ca0.P205 or any other phosphate present in the 
basic open-hearth and basic bessemer steelmaking slags : 

[Fea P]2+5(FeO)4-4(CaO)=(4CaO.P203) + ll [Fc] 8.1 

tSPl.(FeO)=*.(CaO)^ 

log K =log -fO-06 (5 PM = 

(S P20r,) 

— 51,800 

h 35-05 8.2 


They introduced [P] as the first power for finding a reasonably 
‘nonvariable’ equilibrium constant. Fe^P as such has no theoreti- 
cal significance. In the above equation, (FeO) and (CaO) are 
‘free oxides’ and are derived from the extensive cnarts prepared 
by Schenck® for various slag compositions, at different tempera- 
tures, by inter- and extrapolations. They are, further, of the 
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opinion that phosphates other than that of calcium do not have 
influence on the dephosphorisation because of their lower stability 
or concentrations in steelmaking slags (except that MnO has a 
slight favourable effect). The equation, though emjnrical in 
nature, can be applied to practical steelmaking with a greater 
degree of safety than other more theoretical approaches. 

An example of Schenck’s method of phosphorus calculation is 
given below: 

The phosphorus content of steel is required when a bath at 
1,627°C is in equilibrium with a slag composition; (S Fe)=10, 
(S MnO)=10; (S CaO)=45;(S SiO2)--20; (S Pa0s)=3; Now 
from Eq. 4.1, (S CaO)=45 — 1-57. 3-0=40-3 which gives, by 
interpolation from Fig. 4.2, the free oxide concentrations 

(CaO) = 27-5 and (FeO) =5-8 

At 1,627°C, log Kp =7-79. Therefore, 

log [P] = log Kp + log (S P..O.)-5 log (FeO) -4 log (CaO) 
-0-06 (S P205)=7-794-0-477- 5.0-763-4.1 •439-0-06.3 
= - 1-48, or [P]=0-033. 

In works practice, as will be seen subsequently, the phosphorus 
equilibrium is reached or nearly approached in both the basic con- 
verter and the open-hearth. Various considerations lead us to 
assume that phosphorus removal from the metal is facilitated by ; 

(a) low temperature 

(b) high basicity or lime content of the slag 

(c) high ferrous oxide activity or iron content (S Fe) of the slag 

id) low PaOr, activity or (!S Pi-Or.) content of the slag 

(e) low silica content (S SiO^) of the slag 

(/)' high (S MnO) — content of the slag 

(je) high slag volume or double or multiple slagging 

The above mentioned conditions for an effective dephosphorisa- 
tion are known to modern steel melters. We may now discuss 
briefly each item ; 

(a) Phosphorus removal is aided by low temperatures. In 
the ‘puddling process’ of slcelmaking, although the phosphate in 
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slag is merely present as an iron compound which is not very 
stable, yet a certain degree of dephosphorisation is attained in 
fact because of the comparatively very low temperatures involved. 
In the actual open-hearth and converter practice, the temperature 
attained is in the neighbourhood of 1,600°C winch leaves little 
scope for adjusting it to our advantage. In the basic open-hearth, 
a compromise has to be made, since high temperatures favour 
sulphur removal. In the basic converter, the influence of the 
temperature is considerable and suitable coolants are used to keep 
it as low as practicable. However, in the laboratory experiments, 
the influence of the temperature is not to such a degree as is 
discernible in practice.®. 

(b) Lime binds P^jOs (an acid oxide) in a state of low phos- 
phate activity by forming calcium phosphate. A high lime acti- 
vity and low phosphate activity will aid phosphorus removal. For 
an efficient dephosphorisation, the lime should be liquid and for 
its highest activity the slag should be in equilibrium with pure 
lime which is solid at steelmaking temperatures. Thus, a liquid 
slag saturated with lime would be most advantageous for the pur- 
pose. It is, however, not the actual lime content that counts but 
rather the ‘available lime’ or ‘excess lime’, which is left after the 
formation of phosphates and silicates. In practice, it is usual to 
measure it by the basicity ratio, i.e. CaO/SiOg or Ca0/(SiO2-|- 
P 2 OS), whose increase facilitates phosphorus removal. A liquid 
lime slag should be obtained as early as possible for a rapid 
dephosphorisation. Phosphorus removal in Thomas converters 
is considerably delayed because of the late solution of lime in the 
slag, which occurs only in the ‘after-blow’ period. 

(c) A high state of oxidation of the slag and, therefore, of 
the metal is essential for an efficient dephosphorisation. Since 
the activity of ferrous oxide of the slag is a measure of the oxygen 
potential of the bath, it is evident that the FeO-content of the 
slag plays a decisive role. It is, however, doubtful if any true 
relationship exists between slag-(FeO) and [O] in steel, especially 
during the carbon boil. It is only near the end of refining that 
[O] and (FeO) are fairly close to equilibrium, and either of them 
may be deemed to represent the state of oxidation of the bath. 
The higher the (FeO) and, therefore, the total iron content 
(SFe) of the slag, the better is dephosphorisation. There is, 
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however, an optimum (FeO) value (and also an optimum CaO) 
beyond which no further imiurovement in phosphorus removal is 
possible. This is probably because, beyond a certain limit, 
further enrichment of the slag with iron leads to the formation of 
calcium ferrite, resulting in an overall decrease of the available 
lime which offsets the beneficial effect of the (FeO). Further, a 
large increase of (FeO) decreases the concentration of lime. 
Again, an excess of lime may result in a part of it remaining un> 
dissolved after the saturation limit of the slag for lime is reached. 

(d) In order that the phosphorus reaction given by Eq. 8.1 
may proceed in the forward direction, it is apparent that the acti- 
vity of P2O6 in the slag should be low, whereas that of CaO, high 
The reaction will naturally proceed as long as sufficient lime is 
available’ for the formation of 4Ca0.P205 (or 3 Ca 0 .P 206 ). This 
lime would be made available from the amount remaining after 
the formation of orthosilicale, 2 Ca 0 .Si 02 , with silica. The more 
the lime available than that corresponding to the tetra-phosphate 
and orthosilicate, the greater will be the dephosphorisation, and 
the lower will be the [P]-value reached. 

It is evident that a low [P]-content can be attained if the slag- 
(P2O6) is low. For a high-phosphorus burden, this can be 
achieved by flushmg-off the initial slag, which removes the greater 
part of phosphorus, and making a new one for further removal of 
the element. In the Thomas process, however, a high-P205 slag 
is deliberately aimed at, for such a slag is useful for its conver- 
sion into phosphate-fertilisers. In this process also, double 
slagging is coming into vogue, the first slag being suitable for 
fertilisers. 

(e) Phosphorus can only be removed when the silicon in the 
metal has attained low values. An excess of base must be pre- 
sent in the slag over that required to form an orthosilicate. The 
higher the silica content (M Si 02 ) of the slag, the greater the 
amount of lime or other bases that is necessary for attaining the 
desired V-ot basicity ratio. In the open-hearth, especially, this 
will result in an unnecessary increase in slag bulk with the conse- 
quent low heat transfer from the heating gases to the bath, low 
productivity, greater loss of iron and manganese in slag etc. 

(/) Manganese oxide has usually been regarded as an inert 
diluent. In fact, it has been shown to affect adversely the dephos- 
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phorisability of slags and the dej^osphorisation ratio (P 206 )/[P] 
decreases, with increasing MnO, at various (FeO) -contents. It 
should, however, be remembered that, in steelmaking slags, the 
components cannot be changed arbitrarily. If the MnO in the 
slag increases, then for the same FeO, the concentration of CaO 
has to decrease which should manifest an adverse effect. Schenck 
and Riess^ are of the opinion that phosphorus removal is favoured 
by such an increase because of the formation of manganese sili- 
cate, thus giving rise to an excess of free lime. (cf. Fig. 8.1). 

(g) The extent of dephosphorisation, expressed by the ratio 
(% P20r,)/% [P], depends upon the particular slag and metal 
compositions. It does not depend upon the amount of the metal 
or slag. If the slag volume increases resulting in a dilution of 
P2O5, more cf [P] will be oxidised to slag in order to attain the 
same ratio and thus, lower [P]-values will be attained. The same 
effect is realised by ‘flushing-off the initial slag, usually at the 
start of the boil, and its subsequent renewal. 

Rephosphcnisation * 

The factors which are unfavourable for dephosphorisation can 
cause a rcphosphorisation, if they are not under proper control. 
Thus, a deoxidation in the furnace which lowers the oxygen poten- 
tial of the bath and the slag may cause a reversion of phosphorus 
from the slag to metal. However, such a reversion is small, the 
most important being that during the teeming, when the metal in 
the ladle reacts with the slag cover. This slag always accom- 
panies the metal during tapping and it is almost impossible to 
prevent its coming out. The .slag cover from the fixed furnaces 
are quite thick, whereas, from the tilting furnaces, it is much 
thinner. Since the slag is basic and the ladle refractory material 
is composed of acidic aluminosilicates, they both react and, thus, 
there is a considerable silica pick up by the slag (4-5%) which 
lowers the slag basicity and, therefore, favours a reversion of 
phosphorus. The factors which increase the fluidity and corro- 
sive action of the slag will, therefore, favour a rephosphorisation. 
Hi^ temperatures increase the lining erosion, increase the slag 
acidity and, therefore, the rephosphorisation. The same is true 
for high FeO slags (at constant CaO) because they erode the 
linings enormously. Therefore, to prevent a phosphorus rever- 
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Sion in the ladle, either the lining must be basic or the steel 
temperature and (Fe)-slag must be low. 

A high Mn-steel favours rephosphorisation because it can also 
erode the ladle lining. According to Longden,'^ rephosphorisa- 
tion is twice as much in silicon killed steels than in the rimming 
ones. This is partly due to Si in killed steels reacting with slag- 
(FeO) and being oxidised to SiOg and, thereby, decreasing the 
slag basicity. In the rimming steel, the oxygen potential of the 
metal is high, which is corroborated by higher Mn-loss in such 
steels. 

Bradaschia** reports of absorption of phosphorus by the basic 
lining in electric furnaces during the oxidising period and deliver- 
ing it to the metal during reduction refining. This may happen 
in the electric furnaces where extensive reducing conditions can 
be attained. In the open-hearth, such a process is impossible, 
the conditions being highly oxidising. 

Basic Openheartfa 

It is very useful to know whether the phosphorus reaction 
attains equilibrium in the steelmaking process. Only when it is 
known, can measures be taken to influence the reaction one way 
or the other by varying the compositions of the metal and slag, 
and the temperature. Schenck and Riess^ have found that the 
equilibrium is actually attained, especially at the end of the heats. 
The [P]-content calculated from the actual slag analysis 
cf. p. 261) and that found from the analysis of the metal were 
almost similar. Fig. 8.1, showing the influence of the tempera- 
ture and slag composition on the [P]-content of steel, is useful 
for the purpose of having a rough estimate of [P] in any parti- 
cular heat. In Fig. 8.1 (a) and (h), the value log Kp — log 
(FeO)«.(CaO)4 = log [P]/( SP 2 O 5 ) -f- 0-06 (S P^Or.) has 
been drawn against the temperature for different (S Fe), (S Si 02 ) 
and (SCaO') -contents of slags. From the above equation it 
follows that, for any given (S P 2 O 5 ) in the slag, the [P]-values 
can be determined as shown in Fig. 8.1 (c). 

Example : A slag containing (S CaO) = 44-3, (S Si 02 ) = 
25, (SMnO) = 10, (SFe) = 10, (SP 2 O 5 ) = 2-7, is in equi- 
librium with steel at 1,600°C log Kp — log (FeO)®.fCaO)^ = 
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— 1-78. From (c), for the value of — 1'78 and (SP2O5) =s 
2 '7, the phosphorus content of steel is 0 - 03 %. 

This figure further shows the favourable effect of increasing 
(MnO) and of decreasing temperature, especially for slags tff 
low iron contents, on dephosphorisation. 


-26 


■ 10;, MnO 


20ZMn0 
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Fig. 8.1 —Determination of phosphorus equilibrium in basic steelmaking 
processes. (By permission from ‘11 le Physical Chemistry of Steelmaking' 

by H. Schenck) . 

[ P denotes phosphorus in steel ] 

McCance^ obtained a linear relationship between CaO-slag and 

.u ^ u u • • • u 1 (% P 1 O 3 ) 

the dephosphorising power given by 

6 [PI (% P20,-.) + (% FeO) 

This has, however, a limited applicability. 

The phosphorus equilibrium studies and their applications to 
steelmaking processes have not given satisfactory results, mainly 
because of a lack of knowledge of the precise nature of the dephos- 
phorising reaction. Turkdogan and Pearson^ suggest a very 
simplified model for dephosphorisation of iron with molten slags: 
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They do not visualise the presence of PaOs in the slag as any 
particular compound and are of the opinion, and rightly so, that 
it is enough to consider the change in the activity of P 2 O 5 during 
its dissolution in slag. The slag constituents, which combine with 
P 2 O 6 , cause a marked lowering of its activity. 

From the values of the equilibrium constant of the above reac* 
tion, Pearson® computed the constant of the following reaction : 

2[P] + 5FeO (in slag) = P 2 O 5 (in slag) + 5[Fe] 8.4 

log K, = log 

where yp,o«= antilog — 1-12 ( 22 NcaO + ISA^MgO + 

15NMnO+12iVFeO— 2Nsi02) “ 42,000/r+23 -58. 8.6 

and the mol fractions of CaO, MgO, MnO, FeO, Si 02 & P 2 O 5 are 
calculated from the slag composition; the activity of (FeO) can 
be derived from Fig. 4.4(a). 

The phosphorus contents of some basic open-hearth melts have 
been computed with the help of Eq. 8.5. at various periods before 
the tap, and the calculated values agree with those determined by 
analysis. This shows that, under steelmaking conditions, the 
transfer of phosphorus between the slag and the metal reaches 
equilibrium fast enough and further, which is important, the 
attainment of the equilibrium is independent of the carbon con- 
tent of steel, since the samples taken at various periods contained, 
naturally, varying amounts of the element. 

Pearson® proceeds to suggest another corrected relation for 
slags containing fluoride. Fluorspar is usually added in the basic 
open-hearth which improves phosphorus removal. Whether it is 
caused by an increase in the FeOactivity due to fluorspar or by 
the lowering of the activity of phosphate ions in the presence of 
fluoride ions when CaF 2 is added to slags, or due to the slag car- 
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rying more lime, is not clear. However, in such slags, fluora- 
patite 3 ( 3 CaO.P 205 ).CaF 2 has always been found and such a 
compound formation may possibly decrease the activity of the 
phosphate. Pearson includes the influence of fluoride in the fol- 
lowing equation : 

Jog yPoOu — — (22/VcaO+ 15.'VMg04- MnO + 

nATpeO +31 A^f — 2A^si02 ) — 42,000/7+23-58 8.7 

The [P]-contents can be calculated by using yp ,,05 found from 
this equation, in the Eq. 8.5. 

We may conclude from the above, as well as from the works 
of Winkler and Chipman*® that the phosphorus reaction reaches 
equilibrium in the basic open-hearth reasonably fast, and prior 
to the end of the heat. Further, the activity of FeO in the slag 
reasonably depicts the state of oxidation in the slag-metal system, 
so far as the dephosphorisation reaction is concerned. 



Fig. H.2— Cur\fs sliowing the effett of b.'isicity and iron oxide content of 
slag on residual phosphorus in metal for common basic open-hearth 
practice. (G. Dcrge & M. Tenenbaum, Basic Openhearth Steeimaking, 
AIME, Copyright 1951.) 

( P denotes phosphorus in steel ] 

The equations of Schenck and McCance are relatively cumber- 
some for use by the melting shop operators. Fig. 8.2” is very 
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coavenient for the purpose. The basicity of the slag in the figure 
is a simple (%Ca0)/(%Si02) ratio and the iron oxide is also 
in weight per cent. The figure is valid for 1,600°C and for PaOs- 
contents of 1*5 -3-0% in the slag which is the usual range in 
conventional stationary basic open-hearth practice. The approxi- 
mate [P]-contents of the metal are shown as series of lines. It 
can be seen that, in order to obtain minimum [P], the slag must 
be both highly basic and highly oxidising (cf. p. 262). The effect 
of the temperature is such that the curves move towards higher 
[P]-contents upwards on the right, with rising temperature. 

Practical suggestions 

Normally, it is not difficult to obtain a low-phosphorus steel in 
basic open-hearths if the carbon content of the metal desired is 
in the lower ranges. This is because a highly oxidising slag can 
be maintained for the purpose. On the other hand, more cars 
and effort are needed in the case of high or medium-carbon and 
low-phosphorus steels. In such cases, when the phosphorus con- 
tent is high, it is sometimes useful to flush-off the initial slag and 
make a new one (this is usually done in tilting furnaces) but such 
a recourse would, naturally, delay the process and increase the 
manganese loss as well as the cost of production. If, however, 
the Si02-content of the slag is small, it is possible to deal directly 
with pig-iron with [P] as high as 0-9%. 

In the flush-off practice, the initial slag rich in iron is usually 
drawn out after the melt-down, and in the hot metal-scrap prac- 
tice, after the addition of molten pig. Because of the prevailing 
low temperature at this stage (which favours dephosphorisation) 
and the slag being highly oxidising, a considerable amount of 
phosphorus is removed, probably as iron phosphate. The new 
slag made with lime and ore is capable of removing most of the 
remaining phosphorus and this slag may be kept in the furnace 
for use, in the next heat, as the initial slag. 

As has been already discussed on p. 262, the most important 
variables for dephosphorisation are the basicity and the iron-oxide 
of the slag. The viscosity of the slag is also no less important. 
The basicity ratio Ca0/Si02 of the slag should be about 2* 5-3*0 
at the end of refining, with sufficient iron-oxide and fluidity, so 
that a far-reaching removal of phosphorus is possible. 
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The high temperature of steel attained in the basic open-hearth 
before tapfang is unfavourable for dephosphorisation. But, on 
the other hand, such a high temperature is necessary for bringing 
the lime into solution and obtaining the required basicity. The 
operator has little freedom to influence the extent of phosphorus 
removal by varying the temperature. High temperature and high 
basicity are also essential for sulffliur removal. 

The phosphorus reaction, as will be discussed on p. 275, is 
one that takes place between heterogeneous phases (slag-metal) 
and, therefore, their intimate mixing is of importance. A good 
‘boil’ is a primary requirement for good dephosphorisation. The 
boil should be controlled in such a way that, at the end of the 
refining period, the bath oxygen is just enough for the desired 
product so that the amount of deoxidiser required is not large and, 
therefore, the danger of reversal of phosphorus to the metal is 
minimised. Such a reversal is possible by additions like ferro- 
silicon, which reacts with the iron oxide to form Si02. It reduces 
the oxygen potential and the basicity of the slag. The dissolution 
of Si 02 from the lining of the teeming ladles also reduces the 
basicity of the slag cover, which induces phosphorus reversion 
from slag to metal. 

In the open-hearth, a low phosphorus metal is obtained in the 
presence of hot slag rich in lime and iron oxide. Presumably the 
unfavourable effect of high temperature is offset by the tendency 
of the hot slag, which probably attains equilibrium with pure lime 
(i.e., becomes saturated with lime), to absorb oxygen from the 
heating gases and deliver it to the bath more rapidly than is pos- 
sible in the case of low-lime cold slags. The rapid delivery of 
oxygen from slag to bath will raise the oxygen-potential at the 
metal/slag interface to an optimum and, therefore, lead to a good 
dephosphorisation, since decarburisation (which reduces the oxy- 
gen-potential) takes place, away from the interface, at the hearth. 
As a consequence, it is evident that a slow rate of decarburisation 
should improve dephosphorisation, which is a fact.^^ The metal 
oxygen increases and die phosphorus decreases with an increase 
in the temperature as well as in the lime - and (FeO) -contents of 
the slag.^® Lime, which is of primary importance in phosphorus 
removal, is regulated by the temperature and the (FeO)-content 
of the slag. 
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PNEUMATIC PROCESSES 


General 

The influence of the various factors on dephosphorisation as 
enumerated on p. 261, is also valid for the Thomas and other 
basic pneumatic processes. Before proceeding to consider the 
effects of these factors, it is desirable to look into the process 
again in the light of the knowledge gained in the recent years. 
In briefs’ as soon as the molten iron comes into contact with the 
aerial oxygen of the blast, the oxidation of Si and Mn starts and 
both are reduced to low values in a short time, forming initially 
an acid manganese silicate. Some carbon is also oxidised away 
during this period. The acid slag is incapable of retaining phos- 
phorus except in a highly oxidising condition which is however, 
absent as long as sufficient carbon is present. The oxygen-con- 
tent of the metal remains below about 0-012%. Due to the non- 
availability of the exothermic heat of phosphorus oxidation, the 
prevailing low temperature hinders the dissolution of lime by 
the acid slag. Lime is only superficially covered with the silicate. 

After the completion of the Si and Mn reactions, further blowing 
eliminates carbon only. During this period, the slag remains 
acidic, the lime dissolves slowly and the temperature, oxygen-in- 
steel and oxygen-in-slag rise steadily. At about 0-l%[C], when 
[O] is between 0-025-0 -40%, the phosphorus oxidation becomes 
perceptible, the temperature rises sharply and the lime starts dis- 
solving rapidly. This phase is the so-called transition from decar- 
burisation to dephosphorisation (usually the transition point is 
taken as the end of the carbon period when [C] r-* 0-02%, which 
occurs a little later than the sharp temperature increase at [C] r-' 
0-1%). The behaviour of oxygen, carbon and phosphorus is 
shown in Fig. 8.3^*-^* as functions of oxygen consumed, which is 
the real variable, rather than as functions of time as is the usual 
custom. 

At the transition, a suffident build-up of FeO in the slag begins 
so as to flux the lime which, thereafter, starts dissolving in the slag 
rapidly and at the end of the process the slag is completely lique- 
fied. At the same time phosphorus oxidation begins in earnest, 
at a rate increasing tremendously as the blow proceeds, and 
almost 80% of the total phosphorus is eliminated in the last 3 
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to 4 minutes. After the transition, the acid slag also changes its 
character and incorporates sufficient FeO, PaOg, CaO, so as to 
take the slag compostion inside the ‘miscibility gap’. The slag 
'a' (Fig. 8.4)^* separates into two layers, in equilibrium, one 
(FeO+MnO)-rich but not very basic (point ui) and the other 
phosphate-rich (point a-^). As the blow proceeds the slag com- 
position within the gap changes, as shown by the thick line, towards 
the composition — tricalcium phosphate. The oxygen content of 
the metal also increases accordingly and at ‘point b’ it reaches the 
Transition 



Fig. vS.3-~ romjjosiiiounl clianges near ihc end of I’honias process shown as 
I unction ot volume of oxygen coiiburaed. (15y courtesy of Steel & Coal). 

[ O and N denoie their presence in steel ] 

maximum 0*100-0-145% (c/. Fiji. 8.3). The sharp rise in the 
oxygen after transition must be due to a high FeO-activity of the 
medium-lime FeO-rich layer. Further blowing takes the com- 
position from *b\ along and inside the miscibility boundary, to the 
composition which lies outside the gap and the oxygen-content 
decreases sharply to 0*070-0 *090%. This subsequent fall in the 
oxygen must be due to the decreased (FeO) -activity of lime-rich 
homogeneous slag of composition outside the gap. This slag 
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Fig, 8.4— Change of slag composition, shown by bold line, during a Thomas 
Operation. (W. A. Fischer & H. Straubc, Stahl und F.iscn, 80, 1960, 1202) . 
Lime saturation line is also shown. 

determines the ultimate oxygen-content of the low-carbon con- 
ventional Thomas steel. The fall in the oxygen-content is directly 
connected with the manganese ‘hump’. The Mn-reversion occurs 
because of deoxidation by the phosphorus, which itself is oxidised 
at a very fast rate. 



Carbon, Per Cent 

Fig. 8 .5— Relation between carbon and phosphorus removal in the basic open- 

hearth, top blown oxygen and Thomas processes. ( experimental 

results of Pottgicsscr) . 

Fischer and Straubc^^ find that the transition invariably occurs 
at oxygen 0- 027-0 *038% in the metal, the average being 0*034%. 
This critical value is a primary condition for rapid dephosphori- 
sation. Although the presence of an oxidising liquid basic slag 
is essential to bind phosphorus and retain it, it is certainly not the 
only major factor for the start and continuation of dephosphori- 
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sation. The critical oxygen content is another factor without 
which the rapid phosphorus removal cannot occur. How the 
critical value is obtained, even in the presence of high carbon 
contents, in cases where dephosphorisation precedes decarburisa- 
tion, is a matter of great interest and importance and is discussed 
later. 

The picture now becomes simple. The phosphorus elimina- 
tion starts slowly, while there is still some carbon ' 0 • 1 % ) in 
the metal, by an iron-rich slag of medium basicity. The initial 
high and rising oxygen in the converter metal is determined by 
the high (FeO) -activity of the (FeO-l-MnO)-rich layer of the 
slag, containing impurities of CaO and P^Os which separates out 
from the initial acid silicate. After the oxygen has reached the 
maximum (and during the period lime has been dissolving slowly), 
the dissolution of lime becomes extremely rapid and the major 
portion of phosphorus is removed in a short time by a lime-rich 
slag with medium (FeO)-activity. The slag, later, leaves the gap 
and becomes homogeneous, with the consequent decrease in the 
(FeO)-activity which lowers the metal oxygen. At the end of 
the process, the oxygen content is largely determined by the slag, 
since it is nearly in equilibrium with the metal so far as oxygen 
is concerned. 

Now, why does phosphorus removal in the Thomas process 
start after most of the carbon has been eliminated, whereas the 
reverse is possible in the open-hearth (or other basic oxygen pro- 
cesses) ? In both the processes, if the simultaneous oxidation and 
removal of the two elements are followed, it is found {cf. Fig. 
g 512,15,18) that the slopes of dephosphorisation in the both are 
similar. Carbon and phosphorus bum off in the ratio of 5 : 2 
giving a relationship, P^/C® = constant. Fig. 8.5 also shows that 
the CO in the open-hearth evolves at about 100 times higher pres- 
sure than in the Thomas process, i.e. at r— ' 30 atm., as compared 
to Pco = 0-35 atm. in the latter process. Since carbon and 
phosphorus are removed by oxidation, it is evident that they can 
only be related through the oxygen-content of the metal. This 
means that, for the same [C]-and [P]-contents, the open-hearth 
metal should be 100 times richer in oxygen than the Thomas 
metal, i.e. dephosphorisation in the former should take place at 
100 times higher [0]-concentrations than in the latter. 
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Such a build-up of oxygen or CX>-pressure in the open-hearth 
is, however, contrary to iSndings, although 4t is a fact that there 
as well as, to a lesser extent, in the Thomas process, the metal 
is more oxidised than the carbon content would indicate. Carbon 
is a good reducing agent and does not allow [0]-concentrations to 
increase greatly as long as any nucleation and CO-evolution in 
the liquid metal can occur (Thomas process). Where there is a 
lack of such facilities (as in the open-hearth, top-blown oxygen 
processes, etc.), carbon behaves as an unsatisfactory reducing 
medium and an [O] build-up in the metal is possible which far 
exceeds the [C]-[0] equilibrium value. Such a local build-up 
in the metal, especially at and near the slag/metal interface, in the 
presence of basic oxidising liquid slags leads to dephosphorisation 
when [Q] exceeds 0-025-0 -04%. Such a thing is possible in the 
open-hearth even when a large amount of [C] is present because 
the carbon reaction takes place at the hearth, away from the said 
interface. In the Thomas process such a condition occurs when 
carbon sinks below about 0 - 1 % . It is a fact that the phosphorus 
reaction in the open-hearth reaches equilibrium with the slag, inde- 
pendent of the [C]-content. One must, therefore, conclude that 
the phosphorus reaction takes place at the metal/slag interface 
and depends upon the delivery of oxygen from the slag and phos- 
phorus from the metal to the interface. In the open-hearth, the 
supplies are maintained by the turbulence caused by the boil. A 
thorough intermixing of slag and metal is an important pre-requi- 
site for a good dephosphorisation or for that matter, any inter- 
facial reaction. 

In short, as long as the carbon reaction proceeds freely, the 
oxygen level is not sufficient to effect a dephosphorisation. A 
build-up of oxygen in the metal is possible if the carbon reaction 
is suppressed for lack of nucleation. Phosphorus elimination 
depends not only upon the availability of the needed oxygen but 
also on the presence of a liquid basic slag. Thus, although both 
the elements are eliminated via oxygen, their zones of reaction 
are different. This zonal separation of the carbon and phos- 
phorus reactions has been the basis of the newer developments in 
oxygen steelmaking processes. 

The increasing demand on low-nitrogen steels has led to the 
use of pure oxygen as a refining medium in the so-called LD- or 
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top-blown converters. Newer and modified processes have been 
developed, mainly for using hi^-phosphorus iron akin to Thomas 
pig. In the top-blown process, the high pressure oxygen jet which 
impinges on the metal surface creates a shallow depression. The 
blast does not enter the both deeply but is reflected back, together 
with droplets of iron, upwards and outwards. Around the area of 
impingement, a temperature zone of 2,500°-3,0(X)°C is formed. 
These droplets become immediately oxidised and flux some of the 
lime, which is liquefied at that high temperature. This highly 
oxidising and low-basic liquid slag is capable of phosphorus re- 
moval, provided there is a thorough intermixing between metal 
and slag. 

The most striking difference between the top- and bottom- 
blown pneumatic processes is that, in the former, dephosphorisa- 
tion precedes or proceeds simultaneously with decarburisation, 
whereas in the latter the phosphorus removal is delayed until 
almost the entire carbon is eliminated. In the Thomas process, 
because of the facility of nucleation afforded by the aerial nitrogen 
bubbles, the carbon reaction proceeds fast and its reducing action 
keeps the metal oxygen to a low level. This factor together with 
the little basic still-not-liquid slag prevents a dephosphorisation 
until the carbon level sinks to a low value, although the metal 
and the slag are intermixed thoroughly by the blast. 

In the top-blown process, the oxygen supplied to the system 
mostly accumulate in the slag as iron oxides and only a little in 
the metal at the beginning, when the carbon reaction is absent. 
This slag delivers the oxygen to the bath as in the open-hearth, 
except the portion directly supplied to the whipped-up iron drop- 
lets. Silicon and manganese in the metal are oxidised by the 
diffusing oxygen (or when in contact with the slag). They do 
not, however, require the presence of a slag for their oxidation 
as in the case with phosphorus. The carbon oxidation takes place 
wherever there are gas pockets to facilitate nucleation. But, for 
phosphorus removal, its migration to the slag/metal interface is 
necessary, which depends upon the convection inside the bath and 
physical intermixing between the metal and the slag. The carbon 
boil determines the convection current. But the physical inter- 
mixing can only be effected by the air blast as in the Thomas pro- 
cess or by rotating the converter vessels as in the Kaldo or in the 
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elliptical processes or by secondary bottom-Uowing in the top* 
blown converters. Thus, phosphorus removal in the LD can be 
accelerated or intensified by a mild turbulence introduced by 
blowing air through the bottom. An excessive turbulence will 
create conditions similar to that in the Thomas' process; decar- 
burisation will be rapid and may precede dephosphorisation 'and 
ultimately an after-blow as in the Thomas process will be neces- 
sary. These processes effect a faster rate of decarburisation than 
in the stationary LD-converter and therefore the iron-oxide build- 
up in the slag is less. But dephosphorisation, even with a less 
oxidising slag, is extensive since the turbulence causes a faster 
transport of the phosphorus atoms to the place of reaction. In 
the rotating processes, a high (Fc)-slag and, therefore, a good 
dephosphorisation can be achieved at a slow rotating speed; sub- 
sequently, in order to lessen the iron loss, the speed can be 
increased to effect a high decarburisation rate, with the conse- 
quent low (Fe)-slag. 

In the Thomas process, dephosphorisation depends upon the 
extent of slag/metal interface and therefore broken lime is more 
active and liquefied earlier than lump lime.^'^ Also, the influence 
of silica is greater because the high melting orthosilicate of lime 
covers the active surface of the base. In the top-blown process, 
{Bosphorus removal depends more upon the rate of transport of 
the element to the base and, therefore, upon the convection in the 
metal, rather than on the size of lime or amount of silica.^® 

A comparison of the rotating cylindrical and elliptical vessels, 
in respect to the phosphorus reactitm, clearly brings out its inti- 
mate relation with the carbon reaction, (Fe)-slag, [0]-metal, 
turbulence and intermixing of slag and metal.^® In an elliptical 
vessel (axes ratio a/b =1'5), the greatest dephosphorisation 
rate is found between 14-16 r.p.m. At lower r.p.m., the rate is 
low although the (Fe)-slag is high and decarburisation slow. 
This is because of an insufficient intermixing, which causes a 
slower delivery of oxygen from slag to metal and reduces the 
slag/metal interfacial area. Above 16 r.p.m., the oxygen deli- 
very and intermixing are so high that the carbon reaction is greatly 
accelerated which reduces the (Fe) and [01 and inhibits phos- 
phorus oxidation. The increase and the decrease of dephospho- 
risation with r.p.m. are shown in Fig. 8.6(a). Since the rate is 
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Fig. 8.0— Relation between (a) rates of rotation & dephosphorisation and (b) 
phosphorus in metal & iron in slag for different rotation rates, in cylindrical 
and elliptital \esscls. (P. E. Hardt, G. Votke 8c H. Schenck, Stahl und 
Eisen, 81, 1961, 155 68.) 

highest at 14-16 r.p.m. in the presence of an iron-rich reactive 
basic slag, the metal possesses the highest oxygen at that revolu- 
tion, which effects a dephosphorisation at high [C]-contents. 

In a cylindrical vessel, the decarburisation rate does not increase 
correspondingly at high r.p.m., after the initial steep rise, as hap- 
pens in the elliptical vessels (see p. 218). Therefore, it is 
natural that in the cylindrical types, the dephosphorisation rate 
should not decrease with increased r.p.m. This is shown in Fig. 
8.6(a) where dephosphorisation increases as the r.p.m. increases 
(simultaneously with the increase in decarburisation). The 
strengthened CO-evoluUon helps to create an increased turbulence 
which, in its turn, helps phosphorus transport to the places of 
reaction but the turbulence is not enough to accelerate the C-O 
reaction to a height as to precede phosphorus removal. 

The above considerations throw a li^t on the kinetics of phos- 
phorus reaction in the steelmaking processes. The phosphorus 
reaction does not reach an equilibrium even with all the turbu- 
lence and intermixing in the Thomas process. It is to be expected 
that, in other pneumatic processes, the reaction would be away 
from the equilibrium. In fact it is so. But the equilibrium may 
be approached if a sufficient turbulence can be created. Fig. 
8.6(ft) shows the increasing nearness of phosphorus to the equi- 
librium values of Fisdier and Vom Ende®* as the speed of rota- 
tion increases in the elliptical vessel. In the stationary LD- 
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vessels, the same purpose can be achieved if, simultaneously with 
the top-blowing, a mild bottom blow with oxygcn/air ratio of 
6 ; 1 is effected.®^ In the Thomas metal, [P] cani be brought down 
by creating an artificial turbulence with the CO evolved on adding 
about 5-10 Kg. of Stahleiscn (open-hearth pig) . per ton. The 
CO creates a stir which enables a further reaction between metal 
and slag.®^ In the PL-process,®*^ after the oxygen-blow on steel 
in the tilted converter, the vessel is again raised vertically and 
further blown with air. This consequent intermixing between 
metal and slag brings [P] down to the level found in the Thomas 
process (c/. Fig. 8.14). 

The difference in the relation between the rates of decarburisa- 
tion and dephosphorisation in the Rotor and top-blown converters 
and in the Thomas process (using air or oxygen-enriched air) is 
clearly shown in Fig. 8.15. 

Foaming of slag 

During the oxygen blow, foam has been observed to form in 
the slag. It is said that such foaming is a necessity. But it is 
rather an indication of the proper state of oxidation of the slag 
and of agitation of the bath (for diffusion of phosphorus to the 
slag/metal interface). Foaming is caused by carbon-containing 
iron droplets, whipped off the bath and held in the slag, whose 
oxygen reacts with the carbon and forms CO gas. This inflates the 
slag. If the state of slag oxidation is not adequate, carbon will 
not be oxidised to any extent and foaming is inhibited. This 
happens when the oxygen jet is too penetrating and the slag is not 
properly oxidised. If the jet strikes the slag only superficially, 
foam will no doubt form but the carbon and phosphorus elimina- 
toins will be considerably delayed. Only a controlled foaming 
will lead to a successful operation. 

Summary 

The above discussions show that, for a proper control of the 
oxygen-lancing processes in stationary converters, what is neces- 
sary is a highly oxidising liquid basic slag and a sufficient, but not 
too much, stirring of the bath. This has led to the trial of rota- 
ting furnaces, using oxygen-jets on the slag, which serve both the 
above purposes. A proper control of the speed of rotation would 
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enable variations in the degree of stirring and the rate of decar- 
burisation. While the Kaldo and Rotor processes have passed 
the experimental stage, the elliptical vessel is still under trial. 

In the bottom-blown converter, the blast causes widespread 
agitation and provides nuclei for the CO-evolution so that the 
bath is not oxidised enough for the purpose of dephosphorisation, 
till most of the carbon is eliminated. 

The open-hearth refining is characterised by the fact that while 
all other reactions occur at the slag/metal interface, decarburisa- 
tion occurs at the hearth bottom because of difficulties of nuclea- 
tion at other locations. The velocities of all other reactions are, 
however, dependant upon the agitation caused by the carbon boil. 

Thomas Process 

The influence of the various factors on phosphorus removal has 
been discussed on p. 261. We will now consider them from 
the point of view of actual Thomas steelmaking. 

Effect of stag FeO and CaO : The most important variables 
that affect dephosphorisation in the Thomas process are the limc- 
and iron oxide-contents or their activities in the slag. Both favour 
phosphorus removal. This aspect has been discussed elaborately 
on pp. 100-03 from the point of view of a pure CaO-FeO-P 205 
slag. How the common impurities in the Thomas slag affect the 
phosphorus reaction will be seen later. We have seen that it 
should be the endeavour of Thomas blowers to obtain a slag at 
the end of the process whose composition lies in the narrow cor- 
ridor between the lime-saturation line and the miscibility boundary 
(cf. Fig. 3.26). Therefore, the addition of lime to the charge 
before blowing is so adjusted, taking into consideration the Si-, P-, 
Mn-con tents of pig-iron and the silica-content of ore additions, 
that the final slag composition lies within this narrow region. Too 
much of lime will not be helpful, since its solubility is limited by 
the saturation-line and the excess will remain undissolved and 
unable to take part in the slag/metal reactions. Lime-saturation, 
however, exhibits a maximum dephosphorising power. 

We have seen, in Fig. 8.4, the movement of the slag composi- 
tion during a Thomas blow. The nearness of the composition to 
the lime-saturation line or the miscibility boundary is determined 
by the CaO- and PoOr, -contents of the slag. As the blow pro- 
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ceeds, if the composition moves from the lime-saturation towards 
the gap boundary in the direction of higher PaOs and lower CaO 
and FeO in the ternary diagram, the [P]-content increases rajadly; 
while, if it moves towards higher PaOs and FeO and lower CaO, 
the [P]-content may increase slightly or even remain almost the 
same. This is because the deleterious effect of the decreasing 
lime activity is adequately compensated by the increasing (FeO)- 
activity. 

In the presence of an excess lime, the initial slag after the 
transition approaches the lime-saturation line and moves along it. 
Along this line, the metal should contain lowest [P]-contents, as 
given by equilibrium experiments. As more and more of iron is 
oxidised, the composition leaves this line and moves towards the 
miscibility-gap. The [P]-contents should slowly increase. If an 
excess of lime is absent, the slag composition from the beginning 
will not approach the saturation line and would rather move, from 
outside, along the miscibility boundary. This certainly would not 
lead to as low [P]-contents as is possible with excess lime. If 
the metal is over-blown to an extent that the iron oxide increases 
greatly and the slag enters the gap, a rephosphorisation is to be 
expected, (c/. p. 103). 




le 22' 

Iran content of slaq , woltfht per cent 

Fig. 8.7 —Relation between phosphorus in metal X: iron in slag, (b) & (c) 
show the relations for different groups of temperatures and lime contents 

of slag. 


It has been customary to correlate P-metal and (Fe)-slag and 
curves, hyperbolic in nature (Fig. 8.7(a) ), have been obtained. 
This shows that [P]-decreases with increasing (Fe). The curves, 
no doubt similar in trend, show considerable variations, which 
can only be attributed to the variations of linfe and the tempera- 
ture not having been taken into account. Both these factors affect 
dephosphorisation to a great extent. Figs.^^ 8.7(ft) and (c) 
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show the relation [P] and (Fe), for two different groups of tem- 
peratures and lime contents of the slag. It is clear that higher 
lime leads to lower [P], for the same (Fe) and temperature; and 
for the same lime and temperature groups, higher (Fe) leads to 
lower [P]. The dephosphorising p>ower of (Fe), it seems, decrea- 
ses with increasing (Fe) and over about 20% (Fe), the [P] 
reaches a minimum and remains almost constant or rather, the 
curves bend upwards showing a possibility of rephosphorisation. 
The lower the (Fe) the higher must be the lime and lower the 
temperature in order to reach the lowest possible [P] under any 
given conditions. For normal Thomas slags, with 10-12% (Fe), 
the [P] usually reached is about 0-04%. 

Lime effects a better dephosphorisation at higher temperatures 
and the effect is more, the lower the (Fe). This can be seen in 
Fig. 8.8^'^, where curves of [P] and CaO are drawn for two groups 
of temperatures and iron-contents of the slag. Fig. 8.8 shows 
clearly that, for low-(Fe) slags, the basicity ratio has a profound 
influence on fP]. Slags containing more than 20% (Fe) show 
a flatter run than with lower (Fe). It is to be noted that above 
50% CaO, instead of a better dephosphorisation, there is rather 
a worsening effect. 



Fig. 8.8 —Influence of llie slag-lime on the P-content of metal for diffe- 
rent groups of iron contents of slag & temperatures. (F. Weber & Th. 

Kootz, Stahl und Eisen, 78, 1958, 1736) . 

denotes phosphorus in steel ] 

The size of the charged lime has some effect on phosphorus 
removal. Small-sized, graded lime pieces lead to lower [P]-con- 
tents, especially if the iron-content of the slag is on the low side. 
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The beneficial effect of fine lime is perhaps due to its more rapid 
dissolution in the slag. 

Effect of temperature : Because of the exothermic nature of 
the phosphorus removal reaction, it is understandable that lower 
temperatures lead to better dephosphorisation, as seen in Fig. 8.8. 
The beneficial effect is smaller if the process is carried out with 
high iron- and lime-contents in the slag. It has been found that 
[P] is about double the value given by Tromel and Oelscn in their 
equilibrium experiments with lime-saturated slag at high tempera- 
tures. [P] approaches the equilibrium value only at low tem- 
peratures I—* 1,550°C. 

The strong influence®^ of the temperature can be easily under- 
stood from its effect on the miscibility gap and the lime-saturation 
line. As the temperature decreases, the saturation line moves 
towards the gap boundary because the lime solubility decreases; 
and the immiscibility increases, resulting in an enlargement of the 
gap. The activities of both the lime and the (FeO) would, 
therefore, naturally increase in the narrow region between the 
‘gap’ and lime-saturation boundaries and such an increase in their 
activities would result in a better phosphorus removal. 

Effect of SiO -2 : Normally, one would assume that SiOa in the 
Thomas slag would retard phosphorus removal, since it reduces 



Fig* 8.9-Iiifluence of silica on phosphorus content of metal (Th. Kootz Sc 
H. J. Uberhorst, Stahl iind F.isen, 81, 1961, 2*41) 
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the slag basicity. In the laboratory experiments, however, it has 
been ascertained that, within limits, Si 02 does not adversely affect 
[P] as long as the slag remains saturated with lime.^® Weber 
and Kootz,^^ in their converter experiments, also found no un- 
favourable influence on [P] with slags containing 4*5% and 
6*2% SiOs. 

However, there is considerable evidence to the contrary.^®**^ 
Kootz and Uberhorst-^ related [P] with (Fe) as shown in Fig. 8.9. 
The detrimental influence of Si02 is clear. The higher the Si02, 
the greater is the end-phosphorus, for the same (Fe)-slag. With 
Si 02 -poor slags, dephosphorisation can be assumed to set in early, 
i.e. at low (Fe) -contents. In other words, the lime is liquefied 
and becomes reactive at low (Fe) and soon after the transition. 
As the silica-content increases, the liquefaction of the slag and 
the onset of phosphorus removal are delayed and occur at higher 
(Fe) and the end-[P] is also higher. 

An increasing silica content naturally decreases the lime acti- 
vity. Simultaneously, the (FeO) -activity is also lowered. For 
the same<irvo> ^he [P]-contcnt is somewhat lower in case of 
low-silica slags. The diminution of the activities of both CaO 
and FeO affects phosphorus removal. Dephosphorisation starts 
only in the presence of a liquid basic reactive slag. With an 
increasing silica, more of viscous calcium orthosilicate is formed 
which needs to be fluxed by FeO. The change from the initial 
Fe0-Si02-Ca0 system to the FeO-CaO-PoOr) system is delayed. 
Therefore, the phosphorus removal is also suppressed and 
delayed. 

It may happen that, sometimes, the [P] decreases with decrease 
in FeO-activity.2^ But, in the steelmaking slags, any one com- 
ponent is related to others and cannot be varied independently 
without affecting them. Thus, as the FeO decreases, the lime 
content of the slag increases and approaches the lime-satura- 
tion line- resulting in an increase in its activity. The beneficial 
effect of the increased limc-activity more than offsets the adverse 
effect of decreased FeO, which leads to overall lower [P]-contents. 

Effect of PoOr, : We have seen in Fig. 8.7, the close inter- 
relation between (Fc) and fP]. But, as shown by Speith et aP^ 
there is a similar connection in the Thomas slag between (Fe) and 
(P2O5); the latter decreases as (Fe) increases. Therefore, there 
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must be a dose relation between (PsOb) and [P] ; and the ratio 
(PaOB/[P] may be studied as a function of either (PaOs) or (Fe). 
The ratio (P)/[P] is drawn in Fig. 8.10®® against both (PaO®) 




^ b to 15 20 2b bO 

t(PzOs) 

Fig, 8.10— Phosphorus distribution between slag and metal in the "I'hoinas 
process as f unci ion of (Fe) and (I'aOg) in slag. (K. G. Speilh, H. v. Ende 
& G. Malm, Stahl iind Eisen, 80, 1960, 1763.) 


and (Fe), for four different groups of temperatures. The curves 
show average values obtained from the Thomas works data. The 
maximum ratio is given with (Fe) between 15-20%. The ratio 
decreases with an increasing (Fe) and a decreasing (P0O5). As 
(Fe) increases, the also increases; but beyond about 15-20% 
(Fe), the activity remains more or less constant even with an in- 
creasing iron content. Thus, beyond '-^20%(Fe), at constant 
jFeO phosphorus ratio decreases with P^On. Since, as can be 
gathered from Fig. 8.10, the PaOr, -content decreases more rapidly 
than (P)/[P], it is evident that the [P]-content would simultane- 
ously decrease. The [P]-content does decrease with (P-Or>) and 
the fall is steep below about 15% P 20 r.. 

As the flpeo does not increase after the (Fe) -content has 
reached 15-20%, it would be futile to further increase the iron- 
oxidation for attaining low-phosphorus steels. A very low phos- 
phorus steel can be- made by decreasing the (P-Or,) without increas- 
ing the (Fe) beyond 15-20%. It should be borne in mind here 
that the lime plays a decisive role in dephosphorisation. The 
P 2 O 6 must combine entirely with lime to form a stable phosphate. 
With a given (Fe) -content, the lower the P 2 O 5 in a Thomas slag. 
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the more the lime at its disposal for binding P 2 O 5 . Since [P] is 
closely connected with the ratio and the higher the 

ratio the lower the [P], it is clear that the more the excess lime, 
the lower will be the [P]. 

Although a low P 0 O 5 in the Thomas slag may produce a low 
[P]-steel, the process itself will be uneconomical, since the slag 
with P 2 O 5 lower than 16-17% will not be saleable at a profit for 
the purpose of making fertilisers. Too much of iron also 
deteriorates the citric acid solubility of the slag. To reach low 
[P], the only way is to drain off the first slag and make a new 
one with the addition of lime and re-blow for 20-40 secs. A [P]- 
content of 0 - 01 - 0 - 02 % can be reached with a slag containing 
about 10% P 2 O 5 and (Fe) less than given by the (Fe)-[P] rela- 
tions. The process is known in Germany as ‘fine-dephosphorisa- 
tion’. (c/. p. 288). 

Effect of [Mn] and (MnO): There have been different 
opinions regarding the effect of manganese on the phosphorus 
content of metal. The calculations of K Un the metal and 
slag analysis show values comparable with those obtained from 
the equilibrium with pure FeO-MnO slag. Since (FeO) or (Fe) 
is directly related to [Mn] and to [P] as well, it is natural that 
[Mn] and [Pj should also be inter-relatcd. The calculated rela- 
tion between them, for different temperatures, is shown in 
Fig.8.11.-*^ Kosmider and Schenck^® have shown that the results 
from the Thomas works data follow the curves precisely. It is 
to be noted that, in contrast to the basic open-hearth, a low [P] 



Fig. 8.11 —Relation between tlie Mn- and l*-contents of the mctJil at different 
temperatures. (H. Kosmider k H. Schenck, Stahl iind Eisen, 74. 1954, 1291.) 
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indicates a low [Mn] and a high (MnO) in the slag. Also, for 
a given [P], the [Mn]-content is lower the higher the temperature. 
Therefore, it is uneconomical, in view of the manganese oxida- 
tion losses, to strive to obtain a low [P] when the metal tempera- 
ture is high. 

However, Kootz et al could not find any influence of manga- 
nese on dephosphorisation. According to them, phosphorus 
removal sets in, irrespective of the MnO-content of the slag, at 
the same stage depending upon the lime-liquefaction and the iron- 
content of the slag. The [P]-content is also not affected by high 
or low manganese in the slag. 

Effect of alumina : Generally, the alumina content of the 
Thomas slag remains below about 1%. At higher concentra- 



% Ivon content of slog 

Fig. 8.12— Influence of magnesia, alumina & titania on dephosphorisation 
and oxygen content of metal. (Th. Kootz & H. J. Ueberhorst, 81, 1961, 244) . 
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tions, the slag liquefaction and depbos^diorisation start much 
earlier. The rate of the latter becomes somewhat slower later 
and the end-[P]-content higher than usual (cf. Fig. 8.12c)**. This 
finds confirmation in the lower [O] at low Fe-contents and higher 
values later (Fig. 8.126)** when the reducing action of phos- 
phorus is no longer so strong. 

Effect of TiOz : The liquefaction of the slag and the start of 
dephosphorisation are earlier for TiOg contents of 1-5-6 *5% in 
the slag. However, the [P]-content approaches the values of 
Ti02-free blows {cf. Fig. 8.12c). The oxygen-content is at first 
lower but then later follows that of the Ti 02 -free blows (cf. 
Fig. 8.126). 

Effect of MgO : Magnesia is soluble in Thomas slags, with 
16-20% (Fe), to the extent of 4-6%. In its presence, dephos- 
phorisation starts a little later and ends at higher [P] than usual 
(cf. Fig. 8.12c). The oxygen values are also higher as in the 
above cases (cf. Fig. 8.126). This is understandable since CaO 
and MgO both reduce each others solubility in the slag. 

Magnesia enters the slag from the dolomite lining and the 
fluxing action increases with temperature*®. Thus, the stronger 
adverse influence of the high temperature on dephosphorisaflon 
in works practice, in comparison with the laboratory experiments 
with MgO-frce slags, may be due to the fluxing of more of MgO. 

Effect of CaFz : Fluor-spar fluxes the lime and starts 
dephosphorisation early. Because of the reducing action of 
phosphorus, the oxygen initially is low but later rises and both 
[P] and [O] assume normal values, with increasing (Fe) -content 
of the slag. Because of an early start of dephosphorisation, i.e. 
at higher [C] and lower [O], the end [C]-content is higher than 
usual. 

Fine Dephosphorisation **■ *®'®* 

The phosphorus content reached in the normal Thomas process 
is about 0-04-0-05%. In view of the fact that low-nitrogen 
steels can be made easily in the Thomas converter (cf. p. 30), 
it is necessary to attain a low phosphorus as well, so that the 
Thomas steels may be comparable to high quality open-hearth 
ones. In the open-hearth, it is not difficult, when using a low- 
phosphorus charge, to attain 0-008-0-020% [P]. In the Thomas 
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IHOcess, such low values can be obtained, if at all, by iacteasiag 
the inxKontent of the slag considerably. A high iron, however, 
makes the slag unsuitable for the purpose of fertilisers and, there- 
fore, makes the process uneconomical. It is, therefore, neces- 
sary to carry out the process in two stages. 

The two stage process has both economic and technical advan- 
tages. At first, the normal blow is continued upto about 0-06- 
0'10% [P]. The slag formed is suitable for making fertilisers 
since it contains high P:>Og and low-iron. It is not blown to lower 
[P] since the blower cannot visually estimate the {Bosphorus- 
content correctly from steel samples below ^ 0-06% [P]. At 
this stage, the blow is stopped, the converter tilted and the initial 
slag drained off as far as possible (r-' 50-70%). Then, the 
additions like lump or powdered lime, graded lime-stone, soda or 
mill-scale, either singly or all together are made to form the second 
slag and blown for 10-60 sec, depending upon the temperature 
and the [P] attained in the first stage. Blowing can also be done 
only with the slag remaining after the drain-off. 

The additions for making the second slag are not at all 
necessary and they only disturb the continuity of the process. 
Blowing with the remaining or ‘rest’ slag does produce very low- 
phosphorus steel. Although the second slag contains a high 
percentage of (Fe), the overall loss of iron in the slag is not such 
as to make it uneconomical because the quantity of this slag is 
small. 

The basicity and lime-content of the slag in fine-dephosphori- 
sation assume great importance. De- or re-phosphorisation 
depends upon whether the slag composition lies outside or inside 
the miscibility gap. Therefore, the quantity of the lime has to be 
calculated on the basis of the phosphorus- and silicon-contents 
of the charge so that, at the end, the composition lies outside the 
gap. In the case of fine-dephosphorisation, a greater care must 
be taken in the calculations since the iron-content of the slag 
becomes very high and there is every danger of a rephosphorisa- 
tion. The lime-unsaturated slags lying in the region between the 
saturation and the gap possess great dephosphorising power.*^ This 
power increases as the lime composition approaches saturation and 
lowest [P]-values can be attained when the slag becomes saturated 
with lime. 

19 
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In order to maintain the same slag composition, as far as pos- 
sible, in case of differing P and Si in pig-iron, Kosmid» and 
Schenck^^ propose a table for the quantity of lime to be used for 
different P- and Si-contents, taking into consideration the forma- 
tion of triphosphate and orthosilicate and keeping an excess 
about 70%. They show the [P]-content reached as a functimi 
of (Fe)-slag for high and low lime additions, e.g. 140 Kg and 
115 Kg of lime/r pig-iron. A low [P] ' 0-022% is reached 

with the higher lime. This is valid irrespective of whether (me 
slag or two slag processes have been used. 


LD Process 

The conventional LD-process with low-phosphorus pig is metal- 
lurgically similar to the open-hearth. The use of oxygen lancing 
enables an early formation of high (Fe)- and low-basic slag vdiich 
is capable of phosphorus removal. Although the (Fe) -content 
decreases as more and more of lime dissolves and dilutes the slag, 
the (FeO) -activity remains somewhat uniform since, for any given 
(Fe), the oxide-activity increases as the basicity increases (c/. 



Carbon. Content 

Fig. 8.13 — Carbon & oxygen contents in LD & open-hearth processes and 
oxidising power of corresponding slags. (By courtesy of Steel & Coal) . 
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Fig. 4.5). Thus, a decrease in (Fe) is compensated by an in- 
crease in lime, so far as the (FeO) -activity of the slag on the 
acid side is concerned. Such an increasingly basic and highly 
oxidising slag is very suited for dephosphorisation. 

The oxygen content of LD steel during the blow is much higher 
than in the open-hearth (cf. Fig. which means the 

metal is more oxidised, i.e. the retardation of the 'boil* is more 
effective than in the open-hearth. Dephosphorisation can begin 
very early, even at 3% [C], since at this value the critical oxygen 
content 0-025-0*040%, essential for phosphorus removal, is 
exceeded. This high oxygen, the sluggish carbon boil and the 
highly basic and oxidising slag cause extensive dephosphorisation 
which also precedes carbon elimination. 

Phosphorus elimination is not difficult, as shown in Fig. 
2.6, and its content upto 0-5% can be worked by merely adding 
more lime. Its removal can be made to precede that of carbon, 
without any substantial increase in the blowing time, by lowering 
the oxygen pressure and raising the lance. In fact, the decarburi- 
sation rate can be varied at will by increasing or decreasing the 
distance of the lance nozzle from the metal surface and varying 
the amount of oxygen per min. The rate and extent of dephos- 
phorisation can be varied by additions of ore and/or scrap as 
coolants. Ore is also useful for the supply of oxygen, the lique- 
faction of lime as well as for increasing the (Fe)-slag. 

Using r-^ 9% lime andr-' 4% limestone, a pig with P r->' 0-5% 


Pig iron 

Steel 

Si 

Mil 

I» 

Si 

Mn 

P 

122 

202 

0-35 

0‘06 

0-27 

0018 

103 

215 

0-43 

013 

036 

0 022 


Slag 


Fe 


CaO 

SiOa 

AlgOj, 

MgO 

Mn 

14-40 

3-15 

49-80 

11-42 

2-74 

4-16 

7-25 

17-.50 

4-25 

37-70 

14-30 

3-54 

4-98 

8-70 
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can be coimrted to a steel with end-[P] = 0 01-0-025%, wdi- 
out any difficulty. Two typical blows are given on p. 291^*. 

The pig iron used in Linz & Donawitz contains 0'08-0'2% P 
and 0*2-1 -0% Si, amongst other elements. As in the Thomas 
process, there is a distinct relationship between (Fe)-slag and 
P-metal (cf. Fig. 8.14). This figure also shows other values 
from the Kaldo, Rotor, PL, Thomas etc. processes. The (Fe)- 
slag is usually between 15-20% which is not abnormal for the 
open-hearth. The iron loss is not much since the slag bulk is 
about 120 Kg// steel compared to 200-220 Kg in the Thomas 
process. The [P]-content is also lower, the higher the free lime. 
The latter is determined by subtracting the lime, forming mono- 
silicate and tetra-phosphate, from the total lime. 

•However, difficulty may arise with iron having more than 
0*5%P. In such cases, the first slag is drained off when [P] r-* 
0*5%. The rC]-content at this stage should not be below 1*5- 
2% since, durii^ the second blow, a sufficient time must be given 
for melting the added fresh lime. [P]-contents of 0*025-0*030% 
can be reached at the end of the final blow. The second slag is 
retained in the converter and used as the first slag in the next 
blow, after suitable additions of lime, fluorspar, ore, etc. The 
slags obtained from iron with 0*5-1 *3% P are not suitable for 



Fig. 8.14-Relatjon between phosphorus in metal & iron in slag in some 
steelmaking processes. 
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siidaQg fertilisers since the (P 305 )>content ranges from 5 to 10% 
only. 


LD wifli Thonias iron 

The slag character and its influence on the end-[P] content is 
similar to that in the Thomas {vocess. But the carbon can be 
held at any desired level. The slag should be very basic and 
saturated with lime if very low-[P] is aimed at. The rate of the 
process depends upon the amount of oxygen blown per unit time 
and also on the turbulence created by the carbon boil or, arti- 
ficially, by the mild bottom-blowing of air or nitrogen. As in 
fine-dephosphorisation, the top-blowing needs a two-slag tech- 
nique. Depending upon whether very soft or mild steel is desired, 
the first, slag is tai^)ed between 0’7-2% [C] (the lower and the 
higher carbon for the former and the latter varieties) with [P]’r-' 
0*2%. At these carbon contents the (Fe)-slag is low, about 
10% FeO. Therefore, the iron loss in the first slag, which may 
be drained off through a tap-hole at the side of the converter, is 
not high. After the addition of more of lime, the metal is further 
blown with oxygen when low-[P] contents can be obtained. The 
second slag is high in (FeO), ' 25-30%, and is retained for use 
as the first slag in the next blow. This minimises the iron loss 
and saves considerable oxygen, lime and heat. The first slag con- 
taining 20-25% P 2 O 5 has ready market for the fertiliser industry. 

It is possible to stop the first blow at high (C] and low [P], 
because dephosphorisation can be made to precede decarburisa- 
tion by adjusting the lance height. If the oxygen jet is sharp and 
penetrating, the slag oxidation will be less and the carbon oxida- 
tion will increase, thereby decreasing the (Fe) -content of the slag 
by reducing the oxide. By lowering the lance, (Fe) can be 
brought down from 28% to hardly 5-6%. This also helps to 
reduce the foaming of the slag which is caused by the reaction of 
carbon, contained in the solid or viscous iron, with the highly 
oxidising slag. 

Oxygen may also be blown through two or three concentric 
nozdes at different pressures so that the gaseous stream strikes 
both the metal and the slag. We know that because of lack of 
sufficient convection, it is difficult for the phosphorus in metal 
to reach equilibrium with the slag. With this arrangement, a 
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lk}uid slag suitalde for phosphorus removal is formed eashy and* 
there is also sufficient bath action, through the carbon Ix^, for 
enabling the phosphorus atoms to reach the slag/metal interface. 
About 0*02% [P] can be easily attained. 

LD>AC and OLP>processes 

In the conventional LD, the initial iron oxide formed has to 
flux the solid lump lime which takes time. During this period 
some carbon is burnt off, before dephosphorisation starts. It is 
possible to start phosphorus oxidation earlier and at higher carbon 
level if lime powder is injected along with the oxygen jet. In this 
case, lime is made available at the very place where iron oxide is 
formed by the reaction of oxygen with iron and a highly oxidising 
and fluid basic slag is formed, capable of removing phosphorus 
immediately. This is the basic principle involved in the so-called 
LD-AC or OLP processes. 

A sharp oxygen-lime jet increases decarburisation but, simul- 
taneously, dephosphorisation also proceeds with sufficient velo- 
city, so that phosphorus in steel reaches low levels before (or 
together with) the attainment of the desired C-content. The 
bath action is sufficient to enable the phosphorus to reach equili- 
brium with the slag (c/. Fig. 8.14). Since the removal of both 
the elements occurs simultaneously, the [0]-content is determined 
by [C] at the end of refining, as is the case in basic open-hearth, 
but the values arc somewhat lower. For [C]-contents below 
0-05%, the equilibrium curve of Vacher-Hamilton is approached 
(c/. Fig. 10.4). 

The phosphorus contents reached at the first slag is 0- 1-0-2% 
while carbon is still in the range of 0-7-0 -8%. The second slag 
is retained for the next blow. The final [P] is between 0-01- 
0-02%. A typical LD-AC blow is shown in Fig. 2.11. 

Buffer slag process 

If the purpose of lime-injection is to obtain an early liquid 
highly oxidising basic slag, the same can be achieved by raising 
the lance when initially some iron has already been oxidised to 
FeO. Such increase in the height would make the oxygen jet 
strike on the slag rather than on the metal surface and the (FeO), 
originally formed, will be oxidised to Fe-O*, which, being a 
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better fluxing agent for lime, would liquefy it. Through agitation 
and diffusion the ferric oxide would come in contact with the 
metal and oxidise the phosphorus. This process suppresses the 
CX)-evolution due to the lack of facilities for nucleation. 

Hie ‘buffer slag’ process has the disadvantage that the refining 
takes a longer time. The carbon elimination is slow and, with 
the consequent lack of turbulence, the diffusion of phosphorus 
atoms to the slag/metal interface is also slow and its removal 
is thereby delayed. The elimination of both the elements can be 
accelerated, if two jets could be available, one striking the metal 
and the other the slag surfaces. Such a double-lancing process, 
innovated at Mannesman, has had considerable success. 

PL proc^ '''* 

It is possible to produce good quality steel, e.g. for cold drawing 
purposes, with low-[P] and low-[N]. Thomas iron with ore and lime 
is initially blown as usual with air or oxygen-enriched air for 6-7 
min when an intermediate is formed with 0- 8-1*0% [P], and 
0*002% [N]. Lime is also thereby liquefied to a certain extent. The 
converter is then brought to horizontal position, a water-cooled 
lance is introduced through the mouth and oxygen is blown at 
3*7 atm. pressure with the aim of impinging on the metal. When 
sufficient iron is oxidised for enabling the fluxing of lime, the lance 
is raised so that oxygen strikes the slag only and thus a rapid lique- 
faction of lime is ensured. During this period, some phosphorus and 
carbon are also eliminated but the metal and slag remain highly 
oxidised. Subsequently, the vessel is tilted vertically and re- 
blown. The turbulence causes extensive intermixing of metal and 
slag and the phosphorus is brought down rapidly to the usual 
Thomas metal level (cf. Fig. 8.14). The oxygen in metal lies 
higher than the equilibrium curve and follows more or less the 
open-hearth level above 0*05% [Cj. Below this C-level, the 
oxygen crosses the equilibrium curve and assumes the value, usual 
in the Thomas metal. 

KaMo process’’^ 

The various aspects of this process have already been discussed 
on pp. 33-38. It can be used for high, medium or low phosf^orus 
iron. For the first variety, two or more slags may be necessary. 
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A major p»t ot lime and ore is charged before startUig the 
The first slag is tapped off at 0 " 15-0*30% [P] and r-' 1*5% [CJ. 
The (Fe)-slag is kept low (r-' 4-5%), by adjusting the rotation 
rate for minimising the iron loss. Initially, the speed is 
moderate so as to obtain sufficient decarburisaticm as well as to 
maintain a high (Fe) in the slag, for effecting a simultaneous phos- 
phorus removal. Thereafter, the rotation may be intensified for 
increased decarburisation and consequent lowering of (Fe). Low 
(Fe) at an advanced stage does not inhibit lime liquefaction, since 
an increasing (P 2 O 5 ) in the slag is also capable of fluxing lime. 
A liquid, non-foaming slag is obtained which does not entrap the 
iron droplets. The second slag is tapped at a short interval when 
[P] r-^ 0 - 1 % and [C] r— ' 1%. The combined slag contains 15- 
20% P 206 and is suitable for making fertilisers. A high speed 
at the end is necessary for increasing decarburisation and thereby 
decreasing the slag iron. Due to the turbulence caused by rota- 
tion, there is a closer approach to equilibrium than in the top- 
blown stationary converters. The chemistry of the process is, 
however, the same. 



Pig. 8.1. ^Comparative rates ol derarburisation & dephosphorisation in lomt 
steelmaking processes. (R. Graef, Stahl und Risen, 77, 1957, 5) . 
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R(^ pracen”^ 

Tlie chemical principles and the physical influences of rotation 
were discussed on pp. 270*78. They are also clear from Figs. 
2.10 and 8.15. Fig. 8.15”^ shows the comparative dephosphori* 
sation and decarburisation rates in the Rotor and the top-blown 
converters as well as in the Thomas process with air and oxygen- 
enriched air. 
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Chapter IX 


THE REMOVAL OF SULPHUR 


General 

It has long been known that sulphur deteriorates the quality of 
steel. It imparts such undesirable properties as red-shortness, 
inferior surface characteristics, poor corrosion resistance and 
lower ductility. It is a problem to keep its amount to a low level 
in finished steel, especially now since at present the quality of the 
blast furnace raw material is deteriorating and low sulphur pig iron 
is made available to steel plants with great difficulty. Slags from 
the hot metal mixer and also lime and scrap contribute to the sul- 
phur pick up in steel. In open-hearth stcelmaking, apart from the 
slag and metal, the heating gases carry sulphur as well and much 
sulphur can enter the metal depending upon the furnace and the 
behaviour of the slag. 

According to Hauck,’ a 60 ton open-hearth melt heated by 
pulverised brown coal coke-oven gas containing 5-8 gm. S/m® 
absorbed 26*2% from the gas. Koch and Fink® report that, in 
their experiments with radioactive sulphur, a 50 ton furnace fired 
with 54 gm S/lOOm® of the gas showed a sulphur absorption in 
steel and slag of about 11—12%. Most of the sulphur pick up 
was during the 3i hour meltdown period, when the beating gases 
swept directly over the solid scrap and the molten metal. The sul- 
phur absorption is generally greater, the higher the initial S-content 
of the fuels.® 

It is the aim of every steelmelter to keep the sulphur content in 
steel as low as possible, in the open-hearth lower than 0'05%S. 
Sulphur may be high, as much as 0*3%, for the free machining 
steels. It is neither cheap nor easy to remove sulphur if the initial 
sulphur in the metal is higher than the specifications. Its elimina- 
tion depends upon various factors which must be kept under strict 
control. High temperature, increasing basicity and volume of slag 
and multiple-slagging all result in a better desulphurisation of steel 
but they entail longer heating and refining time, wear of the refrac- 
tories, increased use of fluxes, increased loss of iron and manganese 
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in the slag. All these factors lead to a loss in the productivity and 
an enhanced cost of production. 

In view of the above, it is necessary to find the mo^ favourable 
conditions for the removal of sulphur to the slag during the making 
of steel. Sulphur occurs in iron as FeS which is soluble in liquid 
iron. Desulphurisation can only occur by the formation of in- 
soluble sulphides or other sulphur compounds and their transfer 
to the slag. The formation of gaseous SO 2 is possible, but is with- 
out much importance in practice. A considerable sulphur removal 
has, however been attributed to such a phenomenon. In practice, 
lime is the base used for desulphurisation which, however, could 
be effected by any element whose affinity for sulphur is more than 
that of iron. 



Manganese , per cent 

Fig. 9.1 — Eftett of manganese on sulphur conlent of liquid steel & pig iron. 
(J. Chipman, Basic Openhearih Steelmaking, AIME, Copyright 1951). 

Manganese has a considerable desulphurising action, as shown 
in Fig. 9.1^. This is, however, with regard to the blast furnace 
iron. Manganese is soluble in iron and forms MnS or FeS-MnS 
which, because of low solubility, goes over to the slage. But cal- 
cium, being insoluble in iron, can only combine with sulphur at the 
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metal-slag interface which is only possible if either the sulphur 
diffuses from the metal to the interface or there is a thorough inter- 
mixing of metal and slag, as in the bottom-blown converters or 
in the <^n-hearth during the ‘ore’ or ‘lime* boil. 

The first thing in the slag-metal reaction is the knowledge of the 
^uilibrium relations between the two regarding sulphur, the 
chemical reactions which take place leading to the transfer of sul- 
phur from metal to slag or vice versa and whether the equilibrium 
IS attained at all during the steelmaking process In the open- 
hearth, because of the slowness of the process, there is more pro- 
bability of the sulphur reactions between the metal and the slag 
reaching equilibrium than in the basic converter processes The 
question of the acid process does not arise at all because almost no 
sulphur removal has been found to take place m acid slags. 

It is conventional and convenient to denote the extent of sulphur 
removal by the ratio (S)/[S]. This distribution ratio increases 
with the slag basicity. Removal of sulphur in basic steelmaking 
processes can only result from any or all of the following equations: 


(a) 

[FeS] 

= (FeS) 

9.1 

(b) 

[FeS]4-(CaO) 

= (FeO)-l-(CaS) 

9.2 

(c) 

[FeSl+fMn] 

= (MnS)-l-[Fe] 

9.3 

(d) 

[FeS]-|-(MnO) 

= (FeO) + (MnS) 

9.4 

ic) 

[FeS]-t-(MgO) 

= (FeO) + (MgS) 

9.5 


The equilibrium constants of (b), (d) and (e), which show 
their relative desulphurising powers, are :* 

log Kt- — 2,047 /T — 0-337; K (1,600‘’C) = 37.10 * 9.6 

log — 4,234/7-0-271; fS: (l,600°C) = 2-9.10 * 9.7 

log 11:, = —7,530/7 — 0-337; K (1,600°C) = 0-046.10 * 9.8 

There is a possibility of sulphur existing as sulphate instead of 
as sulphide in the slag*'*. According to Richardson and Fincham''-* 
the sulphide fdrms below an oxygen-pressure of 10‘* atm. in the 
furnace atmosphere. At higher oxygen pressures, i.e. above 10'* 
atm. the sulphur in the slag mostly exists as sulphate. They have 
shown, however, that the sulphate formation is not important in 
steelmaking processes. 
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Schenck* is of the opinion that desuljdiurisation takes place 
according to Eqs. 9.2 and 9.3. The mass law when apjriied to 
them, however does not give satisfactory results even when (CaO) 
and (FeO) are calculated on the basis of his ‘free<oxide’ theory. 
The equilibrium constant rather varies with the SiO^i-content of 
the slag. Schenck’s formula, obtained from the practical steel> 
making data and which contains constants with a temperature 
function together with the influence of Mn, free CaO and free 
FeO, is given below : 

(S)ca (S)Mn 

(S)/[S] (equilibrium) = 1 =r 

[SI [S] 

(CaO) [Mnl 

+ 9.9 

(FeO) K, Jf. 

(CaO) [SI 5,700 

where Kj — and log K> 

(FeO) (S)(a T 

3-72 + 0 05 ( S SiOa) 9.10 

[Mn].fSl — 3,840 

Ki- and log A', ^ h M7 9.11 

(S)m„ T 

(CaO) = free calcium oxide in slag in wt. % 

(FeO) — free ferrous oxide „ .. „ 


It is clear from Fig. 9 1 that the manganese, in amounts present 
in steel, does not play an important role. The effect of slag com- 
position on Eq 9 3 can also be neglected. It is evident that, in 
order to desulphurise by slags, a large amount of CaO is necessary. 
Therefore, Eq. 9 9 can be written approximately as : 


(S) (CaO) 

[S] (FeO).A2 


9.12 


Eq. 9.12 shows that a higher sulphur ratio is obtained as (CaO) 
increases and (FeO) decreases. In other words, a basic slag 
would facilitate sulphur removal under highly reducing condi- 
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tions, which result in a low iron oxide content of the slag. In an 
extreme case, as in the blast furnace where the slag is saturated 
with carbon, the over-all reaction for sulphur removal is obtained 
by the addition of the reaction of FeO and carbon with Eq. 9.2, 

(/) [FeS] + (CaO) + C =r [Fe] + (CaS) + CO 9.13 

log Kj 4,130/r - 4-35; A:(1, 600^0 = 141 

It can be seen that Kj is about 4,000 times more than Ki, . It 
appears that apart from the basicity, the iron-content of slag 
plays a vital role in the desulphurisation reactions. 

Bardenheuer and Geller’^ in 1934 carried on an extensive re- 
search, regarding the influence of various oxides on sulphur distri- 
bution, with sJags containing FeO, CaO and AI 2 O 3 in a high 
frequency furnace. Their results show conclusively that CaO, 
FeO, MnO, all play a part in desulphurisation; melts under pure 
FeO give a distribution value of 3*6 which increases with CaO 
and MnO, more so with the former. But, increasing the lime 
has a limit as it increases the viscosity of the slag which would 
require to be thinned by the fluorspar for obtaining a greater 
fluidity in order to facilitate the diffusion of sulphur. They con^ 
dude that, chemically, the fluorspar has practically no effect on 
the betterment of the ratio. 

Maurer and Bischof^^ in 1936 gave a wide accumulation of 
results from data on acid and basic steel furnaces. They found 
that the distribution co-efficient, valid for [Mnl upto 0-6% and 
for slags with 35-41% CaO and 16-20% SiOo could be expressed 
as 

(S)/fSl nr 2*0 + 10-0 [Mn] 

For non-manganese steel, i.e. 0% [Mnl, 

(S)/[S1 = 20 

Darken and Larsen^- have derived an expression which is much 
more cumbersome than that of Schenck although it gives a fairly 
good agreement with the works practice. According to them, 
desulphurisation primarily follows Eq. 9.2 together with Eqs. 9.1 
and 9.4, 

(S)/rS] = A?[^2-6+l - 6 jp®Q^' . (I-2) + 110%[MnlJ 9.14 
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where N = total number of moles in 100 gm of dag 

= ("CaO + "MnO + "FeO + *SiO, + "PaO#) 
(FeO) = sum of all analytically determined FeO and FegOs in 
the slag; one mole of (FcaOj) = 3(FeO) 

CaO' = (CaO) — 4 (P 20 b) 

L = CaOVSiOs 

All quantities in the above are in moles except [Mn], [S] and 
(S) which are in wt%. 

Eq. 9.14 shows that desulphurisation can only be carried out 
by lime if L is more than 2; in other words, if the quantity of lime 
is more than that required to form tetraphosphate and di-silicate. 
Eq. 9.14 recognises the experience of steel melters that high resi- 
dual manganese and low (FeO) -slag help sulphur removal. The 
effect of temperature has been, however, disregarded. 

Grant and ChiiMnan’-'' also have found no effect of the tem- 
perature on desulphurisation between 1,S00°-1,6S0‘’C. Accord- 
ing to them, the ratio (S)/[S] is alone a function of ‘excess base’, 
where the ‘excess base’ is determined from several assumed com- 
pounds they suppose to be present in the open-hearth slags. CaO, 
MgO and MnO are considered as bases and combine on a molar 
basis as : 1 mol: Fe^Os, 2 mols: AI 2 O 3 , 2 mols: Si 02 and 4 mols: 
P 2 O 6 . The mols of bases remaining after satisfying the acid con- 
stituents per 100 gms. of slag are termed the ‘excess base’. The 
excess base in mol when plotted against (S)/[S] gives almost a 
straight line as shown in Fig. 9.2.*” It is found that variations in 
FeO (3-70%), CaFs (4-18%) and MnO (13-40%) do not 
affect the sulphur distribution ratio. It is clear that FeO acts as 
a mere diluent and [Mn] (or MnO) has no direct effect on the 
sulphur ratio, which lead to the conclusion that desulf^urisation 
in the open-hearth is due to simple partition of FeS according to 
Eq. 9.1. 

The findings of Grant and Chipman that (FeO) and [Mn] 
have no apparent effect on sulphur distribution are in direct con- 
tradiction to those of others. For the purpose of elucidating the 
action of FeO, Bishop, King and Grant** used the results of 
several investigations and plotted (S)/[S] against base/acid ratio 
for different total (Fe) -contents. (Sec Fig. 9.3).** The tem- 
perature range was 1,S60°-1,6S0'’C add the slag contained less 
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Fig. 9.2— Effect of excess base in slag on sulphur distribution ratio (N. J. 
Grant & J. Chipman, Trans. AIME, 167, 1946, 134-49). 

[ S denotes sulphur in steel ] 


than 5% of AljO^ or P 20 r, which were regarded as equivalent to 
SiOj. Similarly CaO, MgO and MnO were each considered to 
be equivalent in their effect on the sulphur ratio. The total iron 
in the slag was converted into (FeO). From Fig. 9.3, the sulphur 
ratio becomes better with increasing (FeO) below a basicity 
ratio of 2 • 7 and above this value the sulphur ratio increases with 
decreasing (FeO). Around a basicity ratio 2-7, the desulphuri- 
sing action is not affected appreciably with the change of FeO. 
With highly basic slags having ratios greater than 2-7, the desul- 
phurising and oxidising powers are affected in the opposite direc- 
tion by the varying FeO contents. 

If the (FeO) -slag and, therefore, the oxygen potential of the 
slag and iron affect the sulphur distribution ratio, then, since the 
residual manganese in steel is a function of the oxygen potential 
of the slag and iron, it is to be expected that manganese should 
also influence the sulphur reactions. Therefore, the beneficial 
effect of high [Mn] on sulphur partition is apparent, since only a 
low oxidising power of the slag can lead to a high residual 
manganese. 

Harders, Grewe and Oelsen*® have shown that the influence of 
FeO on the sulphur ratio can be correlated with the manganese 
ratio since (FeO)-slag is a function of (Mn)/[Mn]. That such 
a relationship exists in the open-hearth as well as in the labora- 
tory melts is shown by the trend of the curves in Fig. 9.4 (a and 

20 
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Fig. 9.3—l£quiJibrium sulphur distribution ratio as a function of slag basi- 
city for constant total % (FeO). (From Blast Furnace & Steel Plant. 
Pittsburg, Pa.) 

[S denotes sulphur in steel] 



Fig. 9.4-'Depcndence of sulphur distribution ratio on (a) iron oxide con- 
tent of slag and (b) manganese partition coefficient, at various slag 
(F. Harders, H. Grewe & W. Oelesen, Stahl und Eisen, 71, 1951, 375-86). 
[ The underlined elements denote their presence in steel ] 


b), where the values of (FeO) in (a) has been replaced by (Mn)/ 
[Mn] and drawn in (ft). From (a), for the same basicity, the 
lower the (FeO), the higher the sulphur ratio; freun (ft), the 
highftf the [Mn.]/(Mn) i.e, the higher the [Mn], the higher is the 
sulphur ratio. 

The connection between the (FeO) and the [Mn] in their effect 
has been ascribed above to the influence of the oxygen potential 
on the desuliAurising capacity of slags. Carter” believes that the 






THE REMOVAL OF SULPHUR 307 

over-all reaction controlling sulphur removal from the metal to 
the basic slag proceeds according to 

[S] + (O)jiag = (S)g|ag -f- [O] 9.15 

as suggested by Samarin, Temkin and Schwarzman.” 

Since the supply of oxygen from the slag depends upon the excess 
base, the term (O) can be replaced by s bmo where 

2«M0 = («CaO 4- "MnO + »MgO + «FeO - 2«SiO* 

- - "AUOs - "FciOs) 9. 1 6 

The equilibrium constant of the reaction of Eq. 9. IS being 0*021, 
we can write 

%(S)/%[S] = 0*021. S«MO/[0] 9.17 

Carter applied Eq. 9.17 and found that the experimental results 
of Grant and Chipman could be explained by this equation and 
that a plot of (S)/[S] and )§ «mo /[O] approached linearity. 

If it is assumed that the slag is dissociated, containing ions of 
different atoms or groups of atoms, then Eq. 9.15 can be written 
as 


[S] + O- - 

= S-- + [0] 

9.18 

S-7[S] 

= O 7[0] 

9.19 


In view of the fact that the works data has to be applied to 
ascertain whether the Eq. 9.19 is valid, the oxygen content of 
the metal is required to verify it But, generally, it is not available. 
To overcome the diflSculty, Herasymenko and SpeighP® combined 
the Eq. 9.19 with 

[01 = (Fe + -l-)/A(0-)l 9.20 

where A = a constant 

Eq. 9.20 was obtained by them from a consideration of the 
reaction Fe-f-O = Fe++ + 0* ". They found that 

(S-- )/[Sl = 0*043.(0- -) /(Fe + -i- ) 9.21 

Grant and Chipman found no effect of 3-70% FeO in the basic 
steelmaking slags. Rocca, Grant and Chipman^® carried on in- 
vestigations on the effect of low- and high- FeO on desulphurisa- 
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tion. The results^*-*® are given in Fig. 9.5 which shows the sub- 
stantial variations in the desulphurising abilities of the basic open- 
hearth and basic electric furnace redudng slags and the blast fur- 
nace slags. The effect of low (FeO) content becomes obvious. 
The flattening of the curves in the neighibourhood of 3 % FeO and 
above will be obvious from the consideration of [O] and from 
the oxide activity or oxide-ion activity of Eqs. 9.15 or 9.18. 

The equations show the opposing effect of the oxygen in steel 
and the oxide activity of the slag. While an increasing oxide 
activity of slag should help in desulphurisation, it would mean a 
simultaneous increase of [O] which would tend to oppose the 
transfer of sulphur from metal to slag. It is probable that the 
constant level of desulphurisation at high FeO contents, as shown 
in Fig. 9.5, is due to these opposing effects cancelling one another. 

The above is further confirmed by the work of Shanahan®^ who 
plotted (S)/[S] against (FeO), maintaining a constant basicity. 
According to him, at low FeO, the desulphurisation is high, 
whereas the curve declines and maintains a more or less constant 
level over a large range at higher concentrations of FeO. 

It is clear from what has been discussed in the proceeding 
paragraphs that, at low concentrations of (FeO), the effect of the 
oxide-ion activity is paramount and the [O] plays a subdued role; 
while at higher (FeO) -contents, both the oxide-ion activity 
and the fO] must be taken into account. Since, it is the 
basic oxides which are the suppliers of oxygen-ions, the 
oxide-ion activity will increase with the increase of basic oxides. 
Hcrasymenko and Speight^® obtained a relationship between the 
(O') and the acid content ( ea=%SiO2-t-0'634% PsOs-j- 
0-90% Al-Oa ) of the slag and prepared a nomogram from 
where the ratio (S)/[S] could be obtained from the known values 
of ea and (FeO). Although their nomogram gives reasonable 
agreement with the open-hearth data, it has been found to show 
a wide range of variation as well. 

Further evidence from the laboratory experiments®®-®® of the 
probable applicability of Eqs. 9.15 or 9.18 is discernible from 
a correlation of (S).[0]/[S] with the number of moles of acid 
constituents in the slag as shown in Fig. 9.6,^^-®* where the silica 
and alumina have been taken as equivalent on a mole basis but 
only half as effective as P 2 O 5 . Similar curves have been ob- 
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FeO in Sla^ , Mot% 

Fig. 9.5— Effect of iron oxide content on tlic desulphurising ability of iron 
li steelmaking slags. (J. Chipman, Metal Progress, 62, 1952, 97-107). 
denotes sulphur in steel ] 



Si 02 . f i , moL pet. 


Fig, 9 .6— Product of sulphur distribution ratio & oxygen content of metal 
as function of mol per cent acids in the slag. (From Blast Furnace & Steel 
Plant, Pittsburgh, Pa.) 
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tained (see Fig. 9.15) by Turkdogan*® based on the data of a 
few British steel plants. 

The attempts of the various workers, as enumerated in the 
foregoing discussions, have been to relate functionally the sul- 
phur distribution with the oxygen-ion activity in an indirect 
manner. In order to substitute this activity, which cannot be 
determined experimentally, assumptions have been made of free 
oxides, excess base left after the formation of neutral compounds 
with acids and complete dissociation of slag constituents into 
specific ions. Turkdogan®® attempts to circumvent the necessity 
of finding the oxygen-ion activity by introducing sulphur capacity 
in the following equation, obtained from Eq. 9.15 : 

a(s). «[0] 

K = 

afsl- «fo) 

For any given slag composition, the oxygen-ion activity a (o) may 
be considered as constant and the sulphur in the slag may be 
supposed to behave ideally at low concentrations, usually found in 
practice. Therefore K can be written as : 

=-^(S). «[0]/«[S] 

where N{s) =ion fraction of slag sulphur 

n[o] = oxygen activity in metal ( = fo-^o[0]) 
a[s] = sulphur activity in metal (=/s.%[S]) 

Jfcg = sulphur capacity of slag 

But, since a(o) is influenced by the slag composition, ks must 
also be a function of slag composition. According to Turk- 
dogan, ks is simply related to the so-called sulphur capacity 
index A by 

A= l/:-^Si02 4-l-5Ap20s+l-5-^'Al20s) 9.22 

The complete equation including the effect of temperature on 
is given by 
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—3,380 2-68 

log*s= 1- o n 9.23 

T A-fO-4 

In deriving the above equation, Turkdogan could not discern 
any effect of the relative proportions <rf the basic oxides, CaO, 
MgO, MnO, etc, which agrees with the statement of Grant and 
Chipman that these bases are equivalent on a mole per mole basis 
as far as the sulphur reaction is concerned. Further, the fluoride 
ions do not affect the sulphur capacity. 

From known temperature, slag composition and, therefore, A 
we can find from Eq. 9.23. Again, if %[0] and fo are 
known, afoican be determined; otherwise, the value of a[o]can 
be evaluated from the isoactivity diagram of Turkdogan and 
Pearson (cf. Fig. 4.4) and the slag composition. Thus, for any 
given value of IV (s) and slag composition, we can find a [s] from 
where %[S] is derived if /$ is known : 

%[S] = a[s]//s 

Now, from the known analysis of the metal, fs can be deter- 
mined with the help of Wagner’s equation {cf. p. 8). 

Thus, for any given temperature and slag and metal composi- 
tionis, we are in a positicm to derive, theoretically, the sulphur con- 
tent of the metal. A comparison between %[S] thus determined 
and that found from the analysis, during refining and tapping of 
the basic open-hearth heats, shows that both are identical and, 
therefore, an equilibrium between sulphur in the slag and that in 
the metal during basic open-hearth steelmaking is actually 
attained. Similarly, others have used sulphide capacity.’’ 

Apart from the chemical reaction, the physical factors for an 
efficient sulphur removal must not be under-estimated. Since the 
slag-metal reactions are heterogeneous in character, the diffusion 
of sulphur from the metal to the slag/metal interface and the 
diffusion of slag sulphur away from the interface assume impor- 
tance. Therefore, a fluid slag is helpful to sulphur removal. 
Superior desulphurisation at higher temperatures is not so much 
due to the higher chemical reactivity as to the greater fluidity of 
the slag. Also the greater the slag/metal interfacial area, the 
more will be the transference of sulphur to the slag. Thus, an 
intimate mixing (as caused by the ‘boil’ in open-hearths and the 
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blast in converters) between the slag and the metal is a neces- 
sity. 

The results obtained from the laboratory experiments concern- 
ing sulphur distribution are, however, vitiated by the reaction of 
a third (gaseous) phase in the open-hearth. The fuels used for 
firing these furnaces invariably carry sul]^ur which takes part 
in the gas/slag reactions. They may contain as much as 3% 
sulphur, sometimes more, which when burnt in the furnace comes 
into contact with the metal and slag, mostly in the form of HsS 
and SO™, the latter being predominant in an oxidising atmosphere 
(as prevails in the furnace). The reactions of the metal with 
these two sulphur bearing gases have been discussed on p. 134. 
The conclusions drawn there do not strictly apply in the open- 
hearth since the slag layer acts as a buffer between the metal 
and the heating gases. Of course, after the melt-down period and 
the floating of lime, the latter, being a basic oxide, helps sulphur 
pick-up. Although, according to Carter and Tahir“* 1-6% oxygen 
in the furnace atmosphere should not affect sulphur pick-up by 
the molten metal, in practice, however, it has been found that 
the pick-up is greatly suppressed, even in the melt-down period, 
if the heating gases are oxidising. This is probably because of 
the formation of an mude-rich slag serving as a protection from 
the sulphurous atmosphere. 

It is to be noted that the entire fuel sulphur does not neces- 
sarily enter the furnace atmosphere. Those fuels, which are 
preheated, lose considerable amount (30-70%) of their sulphur 
to the ingoing checker works which contain deposits of CaO, 
MnO, FeO (retained from out-going waste gases carrying these 
particles in the previous cycle) capable of retaining sulphur as 
sulphides.®'®*'*® From a theoretical calculation of the action of 
sulphur-bearing gases on solid CaO, MnO and FcO, Schenck® 
suggests that the transfer of sulphur from the gas to the solid 
phases is favoured by low temperatures and reducing conditions 
(i.e. high CO/CO 2 ratio in the gases). There is an optimum 
desulphurising temperature depending upon the CO/CO 2 ratio. 
As the latter decreases, the optimum temperature also decreases. 
According to Eisenstecken and Schulz,®* the optimum tempera- 
ture lies between 1,000-1, 100°C. The retention of sulphur is 
limited, evidently, by the availability of the basic deposits. 
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These sulphide deposits do not remain as such after the rever- 
sal, i.e. when the waste gases are allowed to pass through the 
checker under discussion. During this period, the oxidising gases 
convert them to sulphates which decompose at the prevailmg high 
temperatures. The results of Eisenstccken and Schulz, however, 
show that all the sulphates are not removed and some are left in 
the checker which, on reversal, may enter the furnace with the 
ingoing air. 

The calculations of sulphur balance from the total sulphur in 
the charge and the fuels show that a considerable sulphur pick- 
up by the metal takes place, especially when using a high-sulphur 
fuel. On the other hand, there is the possibility of sulphur 
escaping to the gas phase when using low-sulphur or sulphur-free 
fuels such as natural gas. Harders et a/'® also found that 
whether the metal would gain or lose sulphur, depended on the 
amount of sulphur in the fuel and the charge. 

It is the universal opinion now that sulphur pick-up from the 
furnace gases occurs mostly during the charging and melting 
periods. This finds new support from the extensive works of 
Harders et al which show that, with the increase of fuel sulphur, 
there is a simultaneous increase in the total sulphur of the slag 
and metal at melt-down. The tapping sulphur, [S], depends 
on the melt-down sulphur, although there is some influence of the 
fuel sulphur on metal-sulphur during the refining period. Har- 
ders et al are also of the opinion that the melt-down sulphur 
assumed limiting values, depending upon the sulphur in the 
heating gases, during charging and melting. This means that it is 
immaterial whether low or high sulphur charge is used in the 
furnace, since [S] at melt-down is largely determined by S in the 
gases. It is unlikely that the sulphur in the initial charge would be 
without importance, especially when large quantities of hot metal 
are used. However, their work and that of Carter and Tahir show 
that considerable pick-up is possible from the heating gases if the 
metal is exposed to the gases for a sufficiently long period. Light 
scrap with large surface area will particularly be affected by high 
sulphur gases. 

We have seen that under both reducing and oxidising condi- 
tions, the metal is susceptible to sulphur pick-up from the gases. 
This may happen mainly during charging and melting since, after 
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the clear melt, the metal is covered with a slag layer. Thereafter, 
the gas-slag reaction must assume importance as the metal is no 
longer in direct contact with the gases. Loss of sulphur from 
the metal to the gases after melt-down can only occur through 
the slag phase. 

Both Herty®^ and Schenck® agree that CO evolved during the 
carbon boil helps the slag lime in reducing SO 2 in the gases to 
form CaS, 


3CO + SO. + (CaO) (CaS) + 3 CO 2 9.24 


It would be expected that, during the lime-boil, the oxidising CO 2 
gas evolved should reverse the reaction, i.e. slag sulphur should 
escape to the gases. This is also the opinion of some. 

Richardson and Withers® have also shown, from theoretical 
calculations, that reducing conditions and high gas-sulphur favour 
sulphur pick-up by the slag. They assume the gas-slag reaction 
to take place as : 

i02+ (S--) = i S 2 + (O’-) 


or Kg_s= 


(O-).p*, 

<*■■>■ 0 * 0 . 


and the gas-metal reaction as : 


i O. + [S] =: i So H- [O] 


K 


g—m 




By co-relating the two equilibrium constants and with the values 
of [O] and [S] as per analysis for metal in equlibrium with the 
slag, they have drawn a diagram (Fig, 9.7)® showing the rela- 
tionship of the oxygen potential (in the form of CO/CO 2 ratio, 
which means the degree of combustion) and the sulphur content 
of gas for two levels of sulphur in metal in equilibrium with two 
different slags. The lines A and B represent two sulphur levels 
of slags A and B, corresponding to 0 01% and 01% of sulphur 
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in the metal respectively. The lines show that, at high sulf^ur 
in the gas and low CO 2 /CO ratio (reducing condition), the slag 
will pick up sulphur and vice-versa. It is clear that, under oxi- 
dising conditions, the metal and slag can tolerate high sulphur 



CO/CO2, ratio 


Fig. 9.7 — Calculated relationship between the degree of combustion (CO/CO 2 ) 
and sulphur content of furnace gases in equilibrium with basic slag at 
1,627C. (F. D. Richardson & G. Withers, J. Iron Steel Inst., 165, 1950, 66*71) . 

[ S and O denote their presence in steel ] 

in gas. For example, line A shows that a slag in equilibrium with 
0-01%[S] can tolerate 0-013 gm S/m® in a gaseous atmosphere 
with CX)/CX>2=10. If the combustion degree is increased, e.g. 
CO/CO 2 = 1, the same slag can tolerate 0-56 gm S/m® 
without any sulphur pick-up. An increase of sulphur in the gas 
will mean sulphur pick-up by the slag, which will be in equilibrium 
with higher %[S] in the metal. Thus, for example, the state of 
B is attained with 5 gm S/m® in gas at CO/CO 2 = 1, which cor- 
responds to 0-l%[S]. Temperature too has its effect. High 
temperature and high COo/CO ratio increase the tendency of the 
slag to lose sulphur to the gas. 

Basic open-hearth 

We have discussed in the preceding sections the beneficial in- 
fluence of high basicity, low iron oxide, low viscosity of the slag 
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and that of high bath temperature on sulphiu: removal. It has 
also been mentioned that the results of sulphur equilibrium ex- 
periments in the laboratory are not directly comparable with the 
actual works data, because of the participation of the gaseous 
phase which can exchange sulphur with the bath. It is, therefore, 
convenient, as has been done in the preceding pages, to use the 
sulphur distribution ratio ijg = (S)siag /[Slmetal deter- 
mine the conditions which give higher ijg • A Imowledge of the 
equilibrium ratio ijg (equi) = (S)/[S] (equi) is still useful, 
because the transfer of sulphur from metal to slag can only occur 
when the equilibrium sulphur ratio is greater than the actual ratio, 
1 JS, and measures can be taken, if possible, regarding the slag 
composition. Viscosity, temperature etc. to improve upon ijs • I* 
is evident, however, that a comparison of the values is not 
above criticism, since ijs^an be high if the slag absorbs a consi- 
derable amount of sulphur from the heating gases with a simul- 
taneous transfer of the sulphur, proportionately less, to the metal. 

A high efficiency of sulphur removal can be expected if the 
slag composition and the temperature favour a high value of 
(equi). The transfer of sulphur from metal to slag may be 
delayed due to slow diffusion, if the slag is viscous, even when a 
Vigorous boil ensures a thorough mixing of the two phases and 
the slag is chemically favourable for desulphurisation. Addition 
of fluorspar increases the fluidity of the slag and thereby accele- 
rates the rate of desulphurisation. Sometimes, the slag shows a 
heterogeneous character with regard to sulphur distribution, the 
cause probably being the interaction of the gas with the slag. 
An increase in the slag bulk also greatly facilitates sulphur remo- 
val. Since tjs is a ratio of wt. per cent of sulphur in slag to 
that in metal, it is evident, in order that the ratio remains constant, 
the amount of sulphur in slag will be larger when its bulk is high. 

Sehenck* has produced Fig. 9.8 for desulphurisation by way 
of lime for different ( S Fe), ( SCaO), ( S SiOa) and (S MnO) 
contents of slag at different temperatures. Neglecting the effect 
of Mn on sulphur removal, the equlibrium formula used (cf. 
Eq. 9.12) is : 

( S S) (CaO) 

’?s(equi) = = 

[S] (F€0).K2 
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Fig. D.8— Equilibrium positions for lime cicsiilphurisation in basic steel* 
making processes. (By permission from ‘The Physical Chemistry of 
Steelinaking’ by H. Schenck) . 

[ S clen-otcs sulphur in steel ] 


The different contents of lime and silica and (MnO) for each 
curve are given in the appended table of the figure. Some curves 
in the figure are applicable to dcsulphurisation in the basic besse- 
mer as well. This figure, whether it has any theoretical basis or 
not, is applicable to slags within the composition range of the 
basic open-hearth and Thomas processes. 


The figure shows that the sulphur ratio is higher 


(^j) the lower the (s Fe) — content of the slag. 

(b) the lower the (SSi02) — content of the slag. 

(c) the higher the (S CaO)' — content of the slag. 

(d) the lower the (S P2O5) — content of the slag since 

(SCaO)' = (SCaO) — 1*57 (SP2O5). 

(e) the higher the (S MnO) content of the slag. 


The effect of the temperature is peculiar. Thomas slags 
shows a continuous increase in the sulphur ratio with temperature 
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while some of the open-hearth slags having the same composition 
show a minium in the ratio in the neighbourhood of 1600°C. 

An increasing amount of (SMnO) has a small but definite 
favourable effect. According to Schenck, it is due to the ^ul- 
taneous increase of free lime. Recently, the influence of [Mn] 
and (MnO) on desulphurisatimi has been extensively studied, 
from numerous actual open-hearth heats, by Speith, Vom Ende 
and Mahn^^. The relationship between [S] and [Mn] during the 
melting period follows the same pattern as Fig. 9.1, i.e. the higher 
the [Mn] and lower the temperature, the lower the [S]. They 
could not find any influence of [C] and melting time on the [Mn]/ 
[S] relationship. However, the situation completely alters while 
refining, when desulphurisation worsens during the reduction of 
manganese. Sulphur removal improves as [Mn] is oxidised away 



Fig. 9.9— Course of sulphur removal during oxidation & reduction of man- 
ganese in basic openhearth. (K. G. Speith, H. v. Ende & G. Mahn, Stahl 
iind Eisen, 78, 1958, 27-34.) 

to the slag (see Fig. 9.9). This peculiar phenomenon could be 
explained by the changes in the slag composition during refining. 
It is known that the sulphur ratio increases with the free lime as 
shown in Fig. 9.10. The free lime increases, as is seen in the 
same figure, with the iron content ( 2 Fe) of the slag. Therefore, 
an increasing (i^Fe) should increase desulphurisation in so far 
as it helps to bring more lime into solution and thus increase the 
free lime. But, since a higher (SFe) results in an increased 
oxidation of [Mn], therefore, it is inferred that the Mn-oxidation 
should increase desulphurisation. The free lime in Fig. 9.10 has 
been estimated as (CaGf^gg = S CaO-CaO^caO-SiOa ) • 

The decrease in [S], during and after refining, with an increas- 
ing ( SFe), can only be attributed to the increase of free lime or 
its activity, caused by the fluxing action of (FeO). According to 
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Eq. 9.2, an increased oxygen potential of the slag retards sulphur 
transfer from the bath. Therefore, an increased desulphurisation 
by the increasing (S Fe) can only be possible®* either because 
(i) the ferrous-oxide activity of the slag (apeo ) actually 
decreases with the dissolution of lime, or because (/T) even if the 
«FeO increases, its deleterious effect is more than offset by the 
much stronger favourable effect of the increasing lime activity. 



free Lime (Cad) , per cent 

Fig. 9 .10— Dependence of desulphurisation, sulphur ratio & Fe-rontent of 
basic openhearth slag on tree lime. (K. G. Speith, H. v. Ende & G. Mahn, 
Stahl und Eisen, 78, 1958, 27-34.) 

The maximum lime activity (a CaO = 1 ) will naturally be exhibi- 
ted when it is pure, but it is impossible to obtain it in the liquid 
state at steelmaking temperatures because of its high melting 
point, 2,580°C. But the attainment of a lime activity of the order 
of pure lime is feasible, according to the laws of heterogeneous 
phase equilibrium, if pure lime is in equilibrium with a lime- 
saturated slag. Such a slag is obtainable in the basic open-hearth 
when the CaO/SiOa ratio is about 4, as shown in Fig. 9.11b. 
In this quasi-ternary figure, the sum of the concentrations of CaO, 
Si02 and FeO have been converted to 100% . The full line shows 
the saturation limit of lime at about 1,700°C, which is similar to 
that found by others. The dotted line denotes a Ca0/Si02 = 4 
and it runs approximately along the saturation curve. It is, there- 
fore, possible to obtain a maximum lime activity in a liquid slag 
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along the saturation curve, if CaO/SiOa = 4. In the open-hearth, 
the initial high silica slag is diluted by the continuous dissolution 
of lime and the addition of iron ore. As long as the saturation 
line is not reached, the continuous increase in the basicity ratio 
increases sulphur removal which is at its highest, as shown in 
Fig. 9 .II 0 , at Ca0/Si02 = 4. Fig. 9.11a shows that desulphuri- 
sation or sidphur ratio decreases above this basicity. This can 
only be exidained by the fact that the (FeO) adversely affects 
sulphur removal after the ratio is surpassed and an increasing 
FeO is necessary to keep the slag fluid at a higher basicity. The 
mode of action of (FeO) in the removal of sulphur may be 
gathered from Fig. 9.11 (a), (b) and (c). Figure (a) shows 
the change in the sulphur ratio with increasing CaO/SiOa; the 
simultaneous change in the slag composition is drawn in (b), 
which is the quasi-ternary Ca0-Si02-Fe0 system; whereas (c) 
shows the same changes in the slag, in the (FeO)-activity diagram 
of Turkdogan and Pearson (Fig. 4.4). 



Fig. 9.1 1— Relalion.ship between sulphur distribution ratio and compositional 
changes & FeO-activity ol basic openhearth slags. (K. G. Speith, H. v. Ende, 
F. Bardenlieiicr & G. Mahn, Stahl und Eisen, 79, 1959, 926-SS) . 
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Desulphurisation is most favourable when the slag a{q>roaches 
the lime^aturaticm curve (compare a and b). Further increase 
in the basicity ratio and (FeO) worsens sulphur removal. Figure 
(c) shows that the apfO, which decreased as the slag composi- 
ti(m was approaching saturation, starts increasing as the slag 
becomes enriched with (FeO) along the saturation line. Since 
the lime-activity remains constant once the slag becomes lime- 
saturated while the a FeO increases, desulphurisation starts being 
affected adversely. It is clear that the highest sulphur ratios can 
be obtained when the slag is liquid and lime-saturated (CaO/SiOg 
=4), i.e. when the slag exhibits its highest lime-activity and 
lowest (FeO) -activity. On the attainment of lime-saturation, the 
slag is incapable of further sulphur removal except by an increase 
in its bulk. For this purpose, lime has to be increased which, 
in its turn,. would require more silica so as to maintain the most 
favourable lime-silica ratio of 4. This is an example where an 
increase of acid silica can help in the removal of sulphur. 



BaiicUy ratio, CaO/SiOt 

FIs. 9 .12— Dependence ot sulphur distribution ratio on lime-silica ratio Sc 
FcO-aclivity of basic opcnhcarth $lag.s. (K. G. Spcith, H. v, Ende, F. 
Bardenheuer & G. Mahn, Stahl iind Eisen, 79, 1959, 926-33) . 

[ S denotes sulphur in steel ] 

The change in slag composition is of importance for desulphuri- 
sation; for, the lime-saturated slag may be attained with a higher 
or lower (FeO)-activity according as the composition inclines 
towards the FeO-comer or the (CaO) -comer of the iso-activity 
21 
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Fig. 9.11(c). The adverse influence of a h^ 4|!i^ 
00 sulffliur sfenoval is diown in Fig. 9.12.** This work of $p<fl|lb 
et flj®* corroborates that desulphurisation follows equation 0.2, 
since sulj^ur removal from the bath to dag is greater, the lower 
tire apeo wd the higher the a caO- 
The influence of silica on sulphur removal is such that tiie 
hi^er the silica content of the slag, the lower is the lime-activity 
and, therefore, the worse is the desulphurisaticm (except when 
the slag is already lime-saturated and a further increase of lime 
would need more SiOa, so that CaO/SiO- = 4, for the liquefac- 
tion of the slag). 



Fig. 9. 13— Equilibrium .sulphur distribution ratio as a function of compo- 
silion of basic slags (ontaining small amounts of MnO. Al^Og and PsO^. 
(From Blast Furnace 8c .Steel Plant, Pittsburgh, Pa.) 


It is of not much use to know the sulphur ratio if the results 
are not reproducible, or the results of one series of furnace experi- 
ments are not applicable to other furnaces under similar condi- 
tions, or if the ratios vary from heat to heat, or the equilibrium 
is not reached in the same furnace itself during refining, or the 
attainment of the equilibrium is delayed due to additions, etc. 
Speith et have drawn the sulphur ratios on a quasi-ternary 
diagram for different slag compositions obtained during refining 
and directly before tapping in numerous basic open-hearth heats. 
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The fines d eqaal (S)/[S] ratios run aj^oxunately from a com- 
positfim of 2Ca0.Si02 towards the (FeO) comer. These fines 
fit in approximately with those of Fetters and Chipman,’^^ obtained 
during laboratory experiments with artificial slags (cf. Fig. 9.13),“ 
The experiments of others^' also show similar sulphur ratios. 
It can be reasonably assumed that sulphur distribution between 
the bath and slag in the basic open-hearth aj^roaches equilibrium, 
both during and at the end of refining. The results of Treutmi 
et aP and Speith et al both add weight to this behet. They show 
from numerous open-hearth melts that the sulphur ratios of any 
two melts of approximately the same slag composition are nearly 
the same, irrespective of whether the sulphur ratios were high or 
low. 

In view of the above and also the fact that the sulphur latio 
rises simultaneously with the basicity, it is clear that the sul[Aur 
equilibrium between the metal and slag adjusts rapidly according 
as the slag composition changes. Further proof of this can be 
had from the fact that the sulphui latio rises as long as the slag 
is unsaturated with lime, inspite of the nse in ( ^ Fe) ; but, as 
soon as the saturation is reached, the worsening of desulphurisa- 
tion starts. This can only mean that the bath and the slag strive 
to attain equilibiium with regard to sulphur which is very sensitive 
to any change in the slag composition It follows, therefore, that, 
in dealing with a high sulphur charge, it is necessary to attain the 
lime saturation as quickly as possible in order that the refining 
period is not unduly extended. This can be achieved by any 
fluxing agent that not only increases the fluidity of the slag but also 
dissolves the lime rapidly, so as to reach saturation. Such a flux 
IS the univei sally used fluorspar, a proper use of which can achieve 
the purpose, the shop floor the basicity can be easily measured 
by the conductivity of an aqueous solution of the slag®' 

Turkdogan®® has attempted to produce the basic relationship 
between the slag and metal compositions regaiding dcsulphurisa- 
tion, for the puipose of finding a practicable method of slag con- 
trol. He also proposes that during desulphurisation. the sulphur 
from the metal migrates to the slag with the simultaneous transfer 
of oxjgen from slag to metal. 


9 25 


[S] -1- (O) = (S) MO] 



324 


PRIKCIPLES OP STEELMAKING 


The equation shows that desuiphurisation is thwarted by oxidi- 
sing conditions in the metal. 

Instead of calculatbg the oxidising power of the slag, which 
is the same as the (FeO) -activity, from the slag composition and 
Fig. 4.4, he considers the oxidation of carbon 

IC] + (FcO) =CO + [Fe] 

as a more useful measure. The carbon should determine the 
oPeO or the oxidising power of slag under given conditions, if. 
the reaction reaches equilibrium. But, it has already been shown 
that, under the open-hearth steelmaking conditions, this reaction 
does not reach equilibrium because of the nucleation factors. 
Nevertheless, from numerous heats in English steelmaking com- 
panies, Turkdogan could deduce that, for a given [C], the slag 
composition varies in a regular manner. He has produced a 
pseudo-ternary diagram where iso-carbon curves are drawn as 
functions of the slag compositions (see Fig. 9.14).®® A study of 
the curves shows (/) for a given (FeO)-slag, the oxidising power 
of the slag— expressed through [C]- increases, i.e. [C] decreases, 
as the acidity (SiO* + PaOs) of the slag increases, (I'l) for a 



Fig. 9. M—lmn oxide iso-activity lines of basic slags expressed in terms of 
carbon con lent of metal. (By courtesy of Steel Sc Coal.) 

given acidity, the ovidising power increases or [C] decreases as 
(FeO) increases, (m) for a given basicity (CaO-fMnO-f-MgO), 
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a reidacement of acids by (FeO) does not change the oxidising 
power or the [C]-content appreciably. It can therefore be con- 
cluded that within the ranges of basic open-hearth slags, a lower 
[C] requires a higher iron-oxide and/or, acid in the slag. 

Now, in order to correlate the above findings with desulphuri- 
sition, he uses the following expressions : 

^:(0)=sulphur capacity=(S). (SFe)/[S], which is obtained 
from the equilibrium constant of the Eq. 9.25, and 

ii:(0) = (S).[0]/IS] 9.26 

The transfer of sulphur from metal to slag, represented by 
Eq. 9.25, is not favoured under oxidising conditions; therefore, 
for a given ( ^ Fe), the value of sulphur capacity will decrease 
with increase in the oxidising power of the slag. 

Since an increasing acidity increases the oxidising power of the 
slag, it is clear from Eq. 9.26 and what has been said in the pre- 
ceding paragraphs, that the sulphur capacity decreases with in- 
creasing (SiOa-fPaOs)- The effect of acids on the sulphur capa- 
city has been combined in Fig. 9.1 5-", for various melts from 
different steelmaking units, where (SiOa •i-P206) is related to (S). 



2 SiOg * in ilac! 

[ S denotes sulphur in steel ] 

Fig. 9. 15— Data from various openhearth works relating sulphur witli adds 
in slag. (By courtesy of Steel & Coal.) 
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(S Fe)/{S]. From Figs. 9.14 and 9.15 it can be roughly esti- 
mated, what should the total iron- and acid-conteats of the 
finishing slag be for any desired sulphur ratio and final [C]-con- 
tent. In view of the spread of the results in Fig. 9.15, it is advis- 
able for each basic furnace to construct its own curves similar 
to Figs. 9.14 and 9.15. 


Effects of slag bulk 

The effects of slag bulk and multiple slagging have been dis- 
cussed on p. 169. Assuming an initial sul|^ur of 0‘06%[S1 and 
a maximum desulphurisation at Ca0/Si02=4, Fig. 9.16®* has 
been drawn, giving the residual sulphur in the basic open-hearth 
metal for different quantities of slag. As for example, to reach 
0-038% [S], about 5% slag of basicity ratio of 4 is needed; 
whereas, for almost the same end-sulphur and a basicity ratio 2-5, 
the slag bulk should be 10%. But to reach 0-015% [S] at ratio 
4, the bulk must be 25% which is impossibly high and unecono- 
mic as the heat transfer and the productivity will be very low. 
However, with a ratio of 4, sulphur contents of 0-012-0-015% 
can be attained with 10% slag with one flush-off but with a ratio 
of 2-5 and 10% slag it would need three flush-offs as shown by 
the dotted lines in Fig. 9.16. 



Hg. 9. I(i—Siil|>liur contents of slag 8c metal with 0*06% sulphur in the 
system at various lime-silica ratio with varying slag bulk. 
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ShdplHir removal in practice'^ 

The oxidising conditions prevailing in the open-hearth and the 
sulphur |Mck-up from the fuels used for firing are not conducive 
to any substantial desulphurisation of the metal. It is indeed 
difficult to make steel with lower sulj^ur contents than originally 
present in the pig-iron and scrap. The following measures may 
be helpful to keep the sulphur in steel under control : 

(1) A considerable sulphur pick-up occurs during the melt- 
down period when the scrap is exposed bare to the furnace 
gases. Oxidising conditions during this period, an early 
slag acting as a protection and a shortening of the melting 
time, all hinder a sulphur pick-up. The pick-up is aided 
by low acid contents in the slag, reducing flame, a high 
temperature and a high sulphur in the fuel. 

(2) A high temperature helps sulphur removal. 

(3) A fluid slag induces sulphur diffusion and acclerates its 
removal. Fluor-spar and high temperatures increase the 
fluidity. 

(4) A larger slag-metal contact surface increases the reaction 
area and the diffusion and, thereby, accelerates sulphur 
transference to the slag. Turbulence caused by the ‘boil’ is 
therefore helpful. 

(5) A vigorous carbon boil may have a reducing effect on the 
(FeO)-slag and, therefore, influence the equilibrium posi- 
tion in favour of sulphur removal. 

(6) Sulphur removal is not enhanced by feeding MgO (as 
dolomite), contrary to the belief still held by many. 

(7) Desulphurisation is favoured by manganese addition. 

(8) Deoxidation in the furnace by ferro-silicon needs care and 
attention. Silica, formed from the oxidation of silicon, re- 
duces slag basicity and induces a resulphurisation. On the 
other hand, silicon reacts with (FeO) and reduces the oxy- 
gen activity of the slag and metal and, thereby, helps sul- 
phur elimination. Therefore, de- or re-sulphurisation de- 
pends upon the basicity and oxygen potential of the slag. 

Since silico-manganese is a more efficient deoxidiser than 
silicon alone, the combined actions of the elements furnish less 
silica but cause substantial reducing action and help the removal 
of sulphur. 
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Thomas Process 

There is no reason why the physico-chemical processes of 
desulfrfiurisation in the basic converter should be any different 
from those in the basic open-hearth. Therefore, the basicity and 
the fluidity of the slag should be the primary factors governing 
sulfAur removal. However, there has been diverse oi^ion re- 
garding the state of combination of sulphur in the Thomas slag 
It has been found by Oelsen^*'®* that, in the immiscibility range of 
the system Ca 0 -P 205 -Fe 0 , the sulphur mostly remains in the 
FeO-rich layer and the sulphur in the phosphate layer is much 
less, even lower than in the iron melt. This has been corro- 
borated by vom Ende and Mahn*® in their experiments with 
Thomas slags. They have concluded from the activity calculations 
of lime in both the separated layers that, at least in the FeO-rich 
layer, the sulphur exists as FeS and not as CaS. This is also 
understandable since CaO in the FeO-layer is much less than in the 
phosphate-layer. The probability of the formation of FeS as a 
stable compound in the slag would suggest that FeO should be 
aiding the removal of sulphur. Peter, Esche and Oelsen** have 
found a favourable effect of (Fe)-slag on the sulphur ratio in their 
experiments in the silica-free lime-crucibles containing PaOs. 
However, they did not find any such favourable effect of (Fe) in 
the Thomas converter, as was found by Wampach and Decker.*® 
Weber and Kootz*' also found higher sulphur ratios with increas- 
ing (FeO). This may be attributed to the increased fluxing of 
lime by FeO. 

The investigations on the influence of (FeO) have been stimu- 
lated by the assumption that desulphurisation proceeds according 
to : 


[FeS] -f (CaO) = (CaS) -f (FeO) 9.27 

It has been stated in the case of open-hearth that FeO acts 
favourably as long as the slag remains unsaturated with lime. 
Once the saturation is reached, a further increase in slag iron leads 
to a resulphurisation. This explanation should be valid for the 
principles of sulphur removal in the Thomas process as well. 

Speith et al*- have shown from actual works data that there 
exists a close relation between (Fe) and basicity (CaO-}-MnO) 
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/(SOii+PjOs). The basicity increases from 1'83 at 7% FeO 
to 2*3 at 23% FeO. Whether the above is an equilibrium rela- 
tion, could not be ascertained since both FeO and basicity in- 
crease with the dme of blow. Since they both increase simul- 
taneously in the slag and the lime is an extremely strong desul- 
phurising agent, investigations have been made for finding the 
influence of FeO on desulphurisation, keeping the basicity con- 
stant. Speith et al found from their works data that, at constant 
(FeO), the sulphur ratio increased with the basicity. A cominla- 
tion of the data enabled them to get a figure relating the sulphur 
ratio with the basicity for 4 different ranges of (FeO) and this 
figure resembled Fig. 9.3, except that only below the basicity of 
2-4 the favourable effect of (FeO) was not discernible. 



[ S denotes sulphur in steel ] 

Fig. 9.1 7-In llueiue of iron (ontent of Thomas .slag at various basicities on 
sulphur distribution ratio. (K, C, Speith, H. v. Kiide & li. Xosskoeiter, 
Stahl und Eisen, 78. 1958, 15.5) . 

Fig. 9.n*- has been drawn with the sulphur ratio and (Fe) as 
co-ordinates for different basicity groups. The ratio decreases 
with increasing (Fe), the effect being much stronger at low basicity 
and (Fe)-contents lower than about 10%. 

It has been observed that, in the Thomas process, the real 
desulphurisation starts only after the ‘transition’. Sulphur re- 
moval increases when blown with oxygen-enriched air or with 
oxygen. From Fig. 9.17 and also from the fact that CaO is more 
stable than CaS, it is to be assumed that only a reducing condition 
would favour sulphur removal. In the Thomas process, such a 
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reducing condition is manifested at and just after die transition 
and the oxygen content of the metal falls raj^dly during this dimt 
period (c/. Fig. 8.3). This might explain the sulphur removid 
after transition in the normal Thomas process but, in the case 
oxygenenriched air, it can only be due to the early liquefaction of 
lime and the realisation of an early basic slag. 

The influence of free-lime on sulphur removal has been investi- 
gated. Free lime is calculated by subtracting the lime used up 
in the formation of triphosi^ate and orthosilicate from the total 
lime. The sulphur ratio increases with free lime as in the open- 
hearth (cf. Fig. 9.19). The betterment of the ratio by free lime 
is, possibly, adversely affected by high (Fe), for the free lime is 
diminished by the formation of calcium ferrite. It is natural that 
Si 02 would also adversely affect sulphur removal, since its in- 
creasing content reduces the ‘free’ lime. 

The extent of desulphurisation in the Thomas process is 40-50% . 
The reason for higher values in other pneumatic processes will 
be apparent from the following section. 

Gaseous Desulphurisation 

Oxygen Processes'’ 

Hitherto we have considered the influence of temperature, basi- 
city and ferrous oxide of the slag on sulphur removal. Whereas 
in the open-hearth only 30-40% of sulphur is removed, in the 
Thomas process it is 40-50%, while in the oxygen processes the 
range is about 60-80% . An extensive desulphurisation could be 
achieved in the latter processes although the high iron oxide con- 
tent of the slag should impair it. There have been indica- 
ti(Mis*®--®''‘® '’® in the last decade that not all the sulphur is held in 
the slag, but a part escapes in the gaseous form as SO 2 or SOg. 
Neuhaus®* indicates that the use of oxygen jet on or in die slag 
in basic open-hearth has resulted in a desulphurisation of 50-70%, 
as against the normal of 30-40%, although in the former case 
the sulphur ratio (Sl/fS] was less. Sulphur removal is more 
active when the bath carbon is low and the slag iron high. This, 
and other similar indications from various workers, can only mean 
an escape of sulphur from the slag through oxidation, the probable 
mechanism being :** 
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CaS04 -j- FcaOs = CaO-FeaCs + SOj -f 1/2 O 2 

The Oxygen-pressure of the slag in equilibrium with the open- 
hearth metal is of the order atm. ; whereas, a sulphate, 

fcwmation needs an oxygen-pressure greater than lO'^-lO"* atm.^ * 
According to Speith et aF‘ the sulphate formation increases, the 
higher the temperature and lower the FeO/FcsOs ratio in the slag. 
In the open-hearth, the sulphur in the slag is present mostly as sul- 
phide. But it is possible for sulphur to exist as a sulphate if the 
gaseous phase is highly oxidising and the metal-slag and gas-slag 
interfaces arc not in equilibrium, as can happen with viscous, foam- 
ing and non-turbulent slags. Fig. 9.1 S**! shows that even with a 
low oxygen potential in the gas phase, it is possible to obtain a 
desulphurisation of the slag, although the rate is small. The 
velocity may go up to 1% (S)/min even with an oxygen partial 
pressure of l() '*-10'® atm. 



Oxygen Partial Pressure in atm 

Fig, 9.18— Relation between oxygen potential of gas phase and the rate of 
desulphurisation of slag. (H. Neuhaus. H. J. Langhammer, H. Kosmider 1^ 
H. Schenck, Stahl und Eisen, 82, 1962, 1279) . 

The extent of desulphurisation in the oxygen processes is depen- 
dent upon the oxygen pressure of the gas phase in contact with 
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the slag (apart frcan the influence of the basicity and the dag 
volume which is common to all basic processes) and generally 
ranges from 30 to 50% (in basic open-hearth, it is on the lower 
side since the fuel sulphur takes part in the reactions). 

In the laboratory experiments, Neuhaus et al.‘^ have found 
that 80-90% sulphur could be removed from the metal and 
50-60% of the total sulphur escapes in the gas phase. A desul- 
phurisation of 60-80% (20-45% of total sulphur going away in 
the gas) has been observed in the Kaldo (with Thomas pig). 
Rotor, Elliptical, Buffer slag, LEX-AC and OLP processes. In 
these processes, the refining is carried out indirectly by the slag 
and the oxygen jet impinges on or in the slag layer. The com- 
paratively slow decarburisation keeps the oxygen potential of the 
gas phase high and thus a considerable build-up of ferric oxide 
IS possible. The distance of the equilibrium between the slag and 
the metal is also greater. In the buffer slag process, the sulphur ratio 
is only 1-3 but, due to a large escape of the element in the gas, 
[SI r-^ 0 005 % may be reached. During ‘fine dephosphorisation* 
in the Thomas process, there is a little ferric oxide build-up in the 
slag with the consequent slightly higher sulphur removal (50-55%) 
than in the normal process. TTie iron content is higher (^—' 25% ) 
in the second slag but the free lime is also greater. 

The duration of the oxygen blow and the slag bulk have also a 
considerable influence. Gaseous desulphurisation is, generally, 
greater if the refining time is longer and the slag bulk higher. 

In the Thomas and LD and Kaldo (using open-hearth pig) pro- 
cesses, the gaseous desulphurisation is rather low. In the Thomas 
process, the oxygen partial pressure in the waste gases is small 
and the slag-metal reactions approach equilibrium due to turbu- 
lence. In the LD process, the oxygen jet impinges on the metal 
surface and the refining is more or less direct. The initial sulphur 
and the slag volume are also small. The latter two factors in the 
Kaldo (open-hearth pig) inhibit sulphur removal in the gases. 

Basic open-hearth 

Normally, the extent of sulphur removal is 30-40% but, with 
the oxygen lancing it is possible to reach even 60-70%. This 
is possible because of gaseous desulphurisation, although the sul- 
I^ur ratio in the oxygen-blown heat is lower than in the normal. 
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This is dear from Fig. 9.19“^ where the free lime is drawn against 
the sulphur ratio on the one hand and per cent desulphurisation 
on the other, for both the cases. It is to be noted that per cent 
desulphurisation in the case of oxygen lancing decreases with in- 
creasii^ free lime, above about 20-22%. 

Neubaus et al.^^ draw the following conclusions regarding desul- 
phurisation in the basic open-hearth : 

(a) Metal-slag desulphurisation is favoured by : increasing 
basicity and decreasing oxygen potential of the slag, in- 
creasing temperature, greater turbulence and larger metal- 
slag interfacial area. 

(b) Gas-slag desulphurisation is favoured by : increasing oxy- 
gen potential of the slag and gas phases, decreasing slag 
basicity, increasing temperature and larger gas-slag inter- 
facial area. 
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Fig. 9. 19»lnfluence of free lime on sulphur ratio and per cent desulphuri- 
sation in basic openhearth melts with & without use of oxygen lance. (H. 
Neuhaus, H. J. Langhammer, H. Kosmider & H. Schenck, Stahl und £isen« 

82, 1962, 1285). 

Sidphur removal in the basic electric furnace*"* 

We have seen on pp. 316-22 that sulphur removal is facilitated 
by a high slag basicity and a low iron-oxide content of the slag. 
The temperature plays a part, in so far as a highly basic slag is ob- 
tainable in a fluid state at high temperatures. A necessary physi- 
cal condition for desulphurisation is the area of slag/metal contact 
surface. Therefore, a turbulence in the bath is helpful in that 
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It iiKreases the contact surface as well as the diffusion of suli^Ur 
to the inteiface. 

In the qpen-hearth, where the conditions are oxidising, the 
sulidiur dis&ibution ratio is very low, 2-10; (FeO), above 3%, 
does not seem to affect the ratio. With reducing slags cmitaining 
FeO less than 3%, the conditions are very different. In the blast 
furnace, the ratio varies between 50-350. Although the sulphur 
ratio is a function of the so-called excess base and the blast furnace 
slag contains much smaller excess base than in the open-hearth, 
yet the desulphurisation is several times higher in die former. 
Sulphur distribution ratio increases enormously as FeO in the slag 
falls below 1%. Such extreme reducing conditions are available 
in the basic electric furnace slags. From Fig. 9.5, the sulphur 
ratio is very high at low FeO and falls sharply as the FeO in- 
creases. This can be explained by assuming the sulphur reaction 
to follow Eqs. 9.2 and 9.25. 

Apart from the beneficial effect of lime, the desulphurising action 
of reducing slags is due to the transference of [O] to the slag as 
(FeO). As (FeO) is reduced, the slag takes up more oxygen 
from the metal, thereby accelerating the forward reaction of the 
above equations. 

Mowat,®^ in his experiments on the production of rimming steels 
in the electric arc furnace with single oxidising slags, has shown 
that a ratio of 15-20 can be obtained even with (Fe) as high as 
20%. This he attributes to the possibility of working with very 
limy slags (excess base of 0* 40-0 -55), because of the high tem- 
peratures reached in such furnaces. Temperature itself, he agrees, 
has no effect on desulphurisation but high temperatures enable 
melting out with a highly basic slag. In fact, a higher sulphur 
ratio than corresponding to equilibrium was found while working 
under such slags. In the basic open-hearth, one has to work with 
much lower basicity, in the range of -0-05 to -f- 0-35. It is 
difficult to keep more basic slags in a fiuid state under the open- 
hearth conditions. 

Highly basic and reducing slags are important for sul^ffiur re- 
moval, but the diffusion of sulphur from ffie metal to the metal/ 
slag interface is of no less importance. The stirring action of the 
bath and slag in the open-hearth is perfcarmed by the carbon boil, 
which lacks in the electric arc furnaces, especially in the reducing 
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period. Here, the (hflfusion is only possible due to the convec* 
tion ament inside die bath caused by heat. This process, being 
natural^ slow, retards suljAur removal and prolongs the heat 
with the consequent loss of time, increased erosion of refractories, 
etc. Nowadays, inductive stirrers are used for the creation of a 
turbulence and this accelerates desulphurisation during the reduc* 
ing period when the boil is absent.®® The stirring action also 
helps in the equalisation of the metal temperature and speeds up 
deoxidation, which takes place through the diffusion of oxygen 
from metal to slag (cf. Chap. XI). A stirring action can also 
be achieved by bubbling inactive gases like argon through the 
metal, which also helps in the ‘washing away’ of some hydrogen.®* 

A considerable desulphurisation can also be effected by injec- 
ting hne calcium carbide inside the molten metal with the help of 
argon, CO 2 or nitrogen at high pressures. Carter®^ has shown that 
sulphur in the metal (0-04-0-05%) can be reduced by 50% by 
this method. The disadvantage of this method is the pick up of 
carbon from CaCa. 

Besides injecting CaCa, other chemicals and alloys in the pow- 
dered from like burnt lime, calcium cyanamide and silicide, Ca-Si- 
Mn, Ca-Si-Me, etc. can also be used®* 

Stainless steel from scrap in the molten state can be desulphu- 
rised in the same manner. After obtaining a good heat with the 
temperature of r-^ 1,560'’C and making a liquid basic slag with 
lime and fluorspar, the carbide is injected in the metal through 
the slag layer by introducing a steel tube and blowing 50-100 lbs. 
of carbide (for 3 ton furnace) in powdered form by nitrogen. 
Depending upon the amount of initial sulphur, the nature of slag 
and the amount of CaC 2 injected, a 50% reduction of sulphur 
can be easily effected.®* The carbon picked up is subsequently 
oxidised, by an oxygen jet, to about 0-03%. 
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Chapter X 


THE RESIDUAL OXYGEN IN STEEL 


Genend 

Steelmaking processes are mostly carried out by oxidation. It 
is natural, therefore, that steel should pick up oxygen. Its content 
at the end of the processes depends not only upon the metal and 
slag compositions and the temperature but to a great extent also 
upon the variations of the processes themselves. The residual or 
end-oxygen content is of importance not only for killed steels but 
also for the semi-killed and rimming varieties. The residual oxygen 
in steel is directly related to its mechanical properties as well as to 
proper casting and shaping of ingots. It is, however, difficult, 
rather it is impossible, to find the oxygen content by analysis in 
view of the short time interval between tapping and teeming of the 
molten steel. An effective deoxidation can only be carried out 
during this period. It is the purpose (rf this chapter to study the 
end-oxygpn contents of steel in different steelmaking processes and 
the influence of the variations of these processes on the end-oxygen. 

Oxygen is present in steel either in the elemental form or as FeO. 
It is possible, theoretically, that the oxygen may be present as any 
other oxide the metal comes into contact with e.g. Si02, MnO, CaO, 
AI 2 O 8 , MgO, etc. but their solubilities in steel are so insignificant 
that such assumptions have been finally discarded. What is more 
important as far as such oxides are concerned, that these may be, 
singly or together, present as non metallic inclusion being unable 
to separate out due to various reasons. 

The solubility of oxygen in liquid iron increases with the tempera- 
ture (cf. Eq. 3.6). Its amount depends upon the iron oxide acti- 
vity or the free FeO-content of the slag in contact, and in equili- 
brium with pure liquid iron. In practice, the metal contains other 
elements whose presence affects these values. Manganese does not 
seem to possess any influence. But carbon, as long as it is present 
in a sufficient amount, exhibits a decisive influence on the residual 
oxygen in steel. As we know, the C-O reaction is governed by the 
equilibrium relation — %[C]. %[0] = 0-0025. This value is 
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graierally accepted to be valid at steel-making temperatures, 
alttiough the ccmstant is a function oi the tentperature as well as 
the [C]-content. In actual steelmaking, however, equilibrium 
between these two elements is seldom reached (except in certain 
q)ecial circumstances to be seen later, or when the [C]-content is 
below O' 05% — ^in which case the [0]-content is largely determined 
by the FeO-activity of slag) because of the restrictive factor of the 
nucleation of CO bubbles. 

The end-oxygen in soft steels, produced in the basic open-hearth 
and electric furnaces, depends largely upon the slag composition; 
whereas, for the harder varieties, it depends on the carbon content 
to a large extent. The extent of approach towards the equilibrium 
is dependent upon the rate of the ‘boO' and the supply of nuclei e.g. 
gaseous oxygen (in case of oxygen lancing) andjor furnace addi- 
tions. In the acid open-hearth, the viscosity of the slag is a further 
restrictive factor. Modern oxygen-blowing processes producing 
carbon-steels follow the same basic pattern as in the open-hearth 
or the electric furnaces. 

In the Thomas process, the carbon is almost completely elimi- 
nated before the final dephosphorisation starts. Metal oxygen is 
controlled by the slag composition. 

In the acid Bessemer process, the oxygen content during the 
initial blow, and after, is largely determined by the [C]-content. 
Below a carbon concentration of about 0 ■ 1 % , the oxygen in steel 
rises steeply due to the rapid burning of iron into its oxides. The 
effective control of [O] depends upon stopping the blow at the 
^per moment, which comes only from experience. 

Bask C^en-hearth 

In basic open-hearth steelmaking, as in most other steelmaking 
processes, the tapping oxygen value depends upon the slag and 
metal compositions as well as on the method of refining. However, 
carbon possesses the dominant influence and determines the end- 
oxygen content although an equilibrium is not established between 
them. 

In Chapter V we have mentioned that in the open-hearth i»o- 
cesses, the actual oxygen lies somewhat above the equilibrium [O] 
by an amount AfO] which does not depend upon the temperature 
and [C] but on the state of boil and hearth refractories. The 
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value lies somewhere intermediate between die oxygen in e(}uitt« 
brium with die carbon in the metal and that in equifilMiaa 
with the slag. Only below about 0'1%[C|, does the [O] 
approach the value corresponding to ap^oof the slag. Laraen* 
also has found that A[0] is more or less a constant quantity 
during a steady or an undisturbed boil, above 0-,l%[C\. A[0] 
under these conditions varies from 0-01 5-0 -025%. The slag 
viscosity, basicity, (MnO) and [Mn], temperature of the metal, 
do not appear to possess any influence on the steady state value 
of A[0]. 

Fetters and Chipman- gathered from a mass of open-hearth 
data that the [C]-[0] product varied from heat to heat and to a 
greater extent from plant to plant. But a guess can be made 
of the value of [O] from an analytical [C]-content, during a steady 
state heat, from the average value of the product : 

%[C]. %IO] = 0 0028-|-0 011%[CJ 

Fig. 5.1ft. shows the great dependence of [O] on the [C]-content 
in the open-hearth. During refining, the [0]-content increases as 
the [C] decreases. But all along, [O] lies above the equililnrium 
curve based on Vacher and Hamilton’s value* of [C] . [O] = 
0-0025. Even if the carbon and oxygen could attain equilibrium 
in the open-hearth, it is necessary for the bath to contain an excess 
of oxygen, for otherwise no carbon reaction can take idace. Any 
reaction can only occur when the concentrations of the reactants 
are higher than the equilibrium values. The required excess 
oxygen is supplied continually by the heating gases through the 
slag or by the ore or millscale additions used to maintain the car- 
bon reaction. The reaction may stop either when the carbon has 
decreased enormously or when the supply of oxygen from the slag 
is restricted. 

Hiere can be no doubt that decarburisation is stimulated by 
bubble formation. Theoretically, therefore, the carbon reaction 
cannot obey the LMA. Schenck,* however, has used the LM A 
(cf. Eq. 5.8) as a basis for studying the carbon reaction and 
investigating the influence of various other factors. The rate of 
decarburisation is a factor of temperature, oxygen potential of slag 
and carbon content of metal, lliese in their turn determine the 
[C]-content of metal, since the latter is dependent on the two 
opposing reactions ; one being the velocity of diffusion of oxygen 
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to ilie and the other, the consumption of oxygen by the 
cailxm reaction [0]-f[C] = CO. The [O]*oontent could pos- 
sibly correspond to the equilibrium value, and therefore be mini- 
mum, only when the carbon reaction has stopped and the boil 
subsided. The analytically determined fO] in the open-hearth, 
which lies much atove that given by [C]/[0] equilibrium, is 
determined largely by the iron-oxide activity, composition and 
fluidity of the slag, temperature and the total area of bubble sur- 
face (cf. Chap. S). Since Schenck has formulated the decar- 
burisation equation from the study of a mass of steelmaking data, 
all the factors affecting the reaction velocity are included in the 
mass law constants and it is possible to find the actual [O] from 
his equation. 



Z^l 10-' 3 rg?l. /0'2 

Fig. 10.1— Dependent e of rate of decarburisation on oxygen & carbon con- 
tents of steel. See text also. (K. G. Speith Sc H. V. Ende, Stahl und Eisen, 

74, 19r»4, 517). 

Since kj and k -2 of Eq. 5.8 do not vary much within a small 
[C]-concentration range, the rate of decarburisation should be a 
linear function (if the equation is valid for open-hearths), of [C] 
and [O] when either of them is kept constant. This is confirmed 
in Fig. 10.1' where v is plotted against [O] for [C] = 010 ± 
0-01% and against [C] for [O] = 0 02 ± 0 005%. The ana- 
lytical values of [O] and [C] fall approximately on the calculated 
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lines shown in the figure. It is important to note here fiiat ^ 
equation is valid for an undisturbed boil, in the absence of firesh 
additions. 



[FeO dcnoies iron oxide contents o£ steel] 

Fig. 10.2— Ciraphical determination of ferrous oxide dissolved in steel in 
acid & basic openbearths from time-concentration curve of carbon. (By 
permission from 'The Physical Chemistry of Stcclmaking’ by H. Schenck) . 

From Eq. 5.8 it is possible to estimate [FeO] or [O] in steel if 
the rate of decarburisation is determined Aj, k-. and /-CO are ob- 
tainable from Schenck’s work, v can be determined from a jrfot 
of carbon drop with time. From the so obtained plot, v at any 
[C] is found out from a tangent at that point. In order that the 
equation may be gainfully employed for at least a rough estimate 
of [FeO] (and, therefore, [O]), Schenck has produced a diagram 
from where the steel oxygen can be directly read, while the liquid 
metal is still in the furnace. Fig. 10.2^ has been drawn with 
[C] and time in minutes as coordinates. [FeO]-value for each curve 
is also given in the figure. There exists a definite refining curve 
of carbon for any given [O] or [FeO] since, from Eq. 5.8, the 
latter determines the refining rate for each carbcwi content. This 
rate falls with decreasing [C]. It can be seen from the diagram 
that if the course of refining follows the 4th curve from the top, 
the steel contains 0-06% [FeO] Or 0-013% [O]. In practice, 
however, the oxygen content is not uniform throughout a heat and 
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the le&ung curve will not follow any particidar [FeO] line bat 
rather run successively parallel to the various [FeO] lines. Hie 
oxygen content will be given by any curve of the diagram which 
corresponds at any instant, in slope and in carbon content, with 
the actual operational works refining curve. 

For rapid and practical use of the diagram it is necessary to 
prepare a standard transparent positive of Fig. 10.2 whose scales 
of axes must be identical with those in the routine works refining 
curves. Schenck recommends the scale 0'1% [C]=10 mm and 
10 minutes = 10 mm to be convenient in works practice. The 
change of [FeO] with time and carbon content during the entire 
refining period can be ascertained by systematically sliding the 
transparent positive horizontally over the works curve as drawn, so 
as to find the common slope for the corresponding carbon con- 
tents. 

Whatever may be the theoretical controversies regarding the 
mechanism of carbon reaction in the open-hearth, the fact remains 
that the oxygen content of steel can be estimated to an error 
of only ± 0-002% during refining, provided [C] and v at any 
moment are known with sufficient accuracy. Mackenzie,* Speith 
and Vom Ende," Hess^ and Krabiell* have all come to the con- 
clusion that the oxygen in steel can be correctly estimated (cor- 
responding to analytical values) by the graphical method of 
Schenck. It may, however, be noted that [O] so determined is 
present as reactive dissolved oxygen or [FeOJ and not as oxides 
such as non-metallic inclusions. 

The relationship between v and [O] shows that the [O] is 
greater, the higher the rate of decarburisation. This is amply 
borne out by Fig. 10.3a® where the [0]-content increases with v 
for [C] contents lower than r-* 0-15%. With the rising rate of 
decarburisation, the [0]-content deviates farther and farther away 
from the equilibrium value which for 0-1% [C] is 0-025% fO] 
and for 0-15% [C] is 0-016% [O]. But, at higher fC] concen- 
trations, the [0]-values are no longer functions of v because the 
deoxidising power of carbon at such high concentrations deter- 
mines the ultimate [0]-content and outweighs all other influences 
that affect the oxygen-contents. Apart from the above reason, 
there may be others the nature of which are still unknown. 
Schenck^® also agrees that, above about 0.4% [C], his equation 
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frequently fails and the analytical values of oxygen do not cor- 
respond with those determined by the graphical method. 

At low {C]-contents (<0.11%), the iron content (SFe) of 
slag has a profound influence on [O] as can be seen frmn Fig. 
10.3b. This is caused by the higher oxidising power of die slag 
and the simultaneous decrease of [C] with increasing Fe). 



Fig. 10.3- (a) Influence of tlecarburisalion rate on oxygen in steel in open- 
hearth at different carbon contents. 

(b) Influence of iron in .slag on oxygen in steel in openhearth at different 
carbon contents. (K. G. vSpeith & H. v. F.nde, Stahl und Eiseii, 

76. 1956, 1164), 

At higher [C], such influence is much reduced and, at 0-2% 
Id, the [O] content is not affected by (S Fe) for all practical 
purposes. We can conclude that for basic open-hearths, (S 
has practically no influence on [O] and between, say, 0-2-0'4% 
Id the [0]-content is determined alone by the decatburisatitm 
rate. 
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B must be emidiasised here agam that Schenck’s graphical 
mediod of determining oxygen during Tuning is aj^lkabile pro* 
vided the refining jM’oceeds undisturbed. Any change in the con- 
ditions during the period may give higher or lower analytical values 
than corresponding to Schenck’s equation. Hess'' in his recent 
extensive investigations on basic open-hearth furnaces, for find- 
ing the effect of various additions, action of flame, etc., in order 
to establish conditions for obtaining uniform tapping carbon and 
oxygen contents, has reached the following conclusions : 

(1) The analytical values of oxygen correspond to the calcu- 
lated ones (by Schenck’s method) during an undisturbed 
refining, the heating being normal and with uniform 
flame. 

(2) The same applies when lime dissolves in the slag or pig- 
iron is added to the bath for deoxidation. 

(3) If the heating flame is reduced, the refining rate becomes 
slower without any corresponding lowering of the oxygen 
content. Afterwards the refining regains its normality 
gradually. 

(4) Additions of ore or flux boost the refining and lead the 

[0]-contents to lower values than the calculated ones. 

(5) On addition of ferro-manganese to the bath, the refining 
follows Schenck’s equation if such an addition slows down 
the oxygen transfer (FeO) — » [O]. If, on the other hand, 
the used-up [O] is readily replaced by the slag oxygen, 
the refining may be boosted up as with the additions of 
ore or flux. 

In order to obtain uniform values of [Cl and [O] at the tap- 
ping of rimming soft steels, Hess^ suggests the following : 

(1) The slag, up to the time of tapping, must be kept reactive 
enough so that it can deliver oxygen to the bath for an 
unrestricted refining. Such additions and slowing down 
of heating as would increase the slag viscosity should be 
avoided in the later phase of refining. These would help 
in a uniform refining; therefore, a uniform quality of 
steel can be obtained. 

(2) If a boosting of the refining rate is necessary just before 
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the tai^g, it shotdd be done by adding fiux or ferro* 
mai^anese. Ore at this stage should be ay<nded. 

(3) The quantity of slag has some influence on refining, 
especially when the temperature increases considerably. , 
The greater the hearth area and the amount of slag, the 
greater is the refining rate. 

For obtaining a good quality steel, the oxygen in steel should 
generally be low (except in the case of rimming steel). 

A low-[0] steel can be obtained by a proper adjustment of 
slag and refining rate. Further, a knowledge of the tapping 
oxygen is helpful for a judicious use of the deoxidiseis. It is 
possible to ascertain [O] with a high degree of certainty by 
Schenck’s graphical method if adequate precautions are taken to 
record the carbon refining curves. It is well-known to steel- 
workers that a high refining rate before taiq>ing is injurious to 
the steel quality. Again, a low initial refining rate leads to a 
poor quality, although, in view of the relation between v and 
[Ol, a low rate requires less of oxygen. It must not be forgotten 
that a vigorous boil and mechanical agitation are necessary not 
only for the removal of the gases (hydrogen and nitrogen) and 
driving away of the slag inclusions, but an excessive initial oxi- 
dation (which causes the vigorous boil) is a primary factor for 
obtaining a clean steel.®® It is possible that the scrap and pig-iron 
may contain A1 and Si which, in the absence of sufficient oxygen, 
form solid alumina and silica. The scrap itself may contain 
initially considerable amounts of alumina and silica. Such solid 
suspensions will liquefy and rise to the top and be incorporated 
in the slag, as seen from Fig. 11.3, only when a large amount 
of oxygen is present; and the lower the [Mn], the greater is the 
need of oxygen supply. For the same reason, in electric arc- 
furnaces, the steel quality sometimes is inferior to that expected. 
Here, the melter strives to maintain a reducing atmosphere which 
is not enough to prevent the oxidation of A1 and Si into solid 
suspensions, whereas the oxygen supply is insufficient for the 
liquefaction of those suspensions; these suspensions may not be 
able to separate out from the bath during the refining period and 
would remain entrapped during casting. Therefore, it is not at 
all advantageous in the <^n-hearth or electric steelmaking to 
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restrict the supply oxygen, at least during the iidtial refining 
period. On the other hand, it is useful and necessary to deliver 
a large amount of oxygen, for removing the oxide suspensions, 
which is accompanied by a vigorous carbon reaction with the 
advantages of mechanical removal of the gases and suspensions 
(they adhere to the CO-bubbles and rise up). 

It may be noted here that carbon decreases the activity of 
oxygen in iron. Therefore, at higher [C]-contents, the [O]- 
contents necessary will be correspondingly more for the liquefac- 
tion of the suspensions, as has been made clear by the curves la 
and Ilia (Fig. 11.3) which are valid for 0-5% [C] melts. 

From what has been said above, it is necessary to have an 
ample decarburisation (or ample supply of oxygen) at the begin- 
ning of refining for cleaning the steel. But this initial excessive 
oxidation ’ has to be compensated for by decreasing the refining 
rate in the later period before tapping. Beitter'^ suggests that 
the refining rate must be such as to give a straight line carbon 
refining curve so that, at the end, a rate of 0.0037% C/min. 
may be obtained in the case of basic open-hearth Cr-Ni steel 
making. It has been often experienced that a high initial oxida- 
tion produces poor steel. This can only be perhaps because suit- 
able slag control measures have not been taken early so as to 
retard the carbon reaction in time and arrive at the desired final 
fC] level sufficiently slowly. The suggestion that highly oxidised 
rusty scrap leads to a steel with high final oxygen cannot be enter- 
tained for the same reasons. With proper control of the refining 
rate, there is no reason why the steel should be dirty with a 
high initial iron oxide content. Rather, the rusty scrap should 
help in the liquefaction of the solid suspensions like alumina and 
silica as well as in the driving off (because of a vigorous boil) 
of the gases which usually accompany the impure scrap in con- 
siderable amounts. 

As regards the measures by which the refining rate can be 
slowed down, it can achieved by adding lime to the slag and 
decreasing the flame (by reducing the air used for burning the 
fuel). Both these measures reduce the slag temperature, increase 
the slag viscosity and reduce the oxygen potential of the slag. 
As has been explained earlier (cf. Fig. 4.5), in the range of basic 
steelmaking slags, an increase of lime decreases the iron oxide 
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activity. If, at first, the refining rate has slowed down con^^er- 
ably, it is posable to regenerate it later by additions of pig iron 
. and ore and maintain a steady slow boil. This {nrocess is, how- 
ever, uneconomical and the fresh additions are likdy to bring 
in further suspensions which may not separate out during the 
available time. 

It is not possible to suggest any particular refining curve or 
the final oxygen-contents to be aimed at for the innumerable 
grades of steel. Every plant and every open-hearth furnace must 
have its own refining curve for any particular variety of steel. 
Further, the value of [O] as ^ven by Schenck’s transparency 
method is valid at a given time only, depending on the {Mrevailing 
[C] and the instantaneous rate of refining and not on the over- 
all rate. Thus, the mean rate of decarburisation possesses only 
a qualitative value which is, however, useful if the making of 
any particular grade of steel is standardised in any particular 
furnace. 

Again, a knowledge of only the final [0]-content may not be 
very useful if consideration is not made about the absorption of 
oxygen from the atmosphere during tapping and teeming, the 
slag-metal reactions in the ladle, the amount of deoxidisers used 
and the method of deoxidation. Once all these factors are taken 
into account and they are kept relatively constant, it is possible 
to make at least a qualitative use of [O], determined from the 
refining curves. The author recommends that the refining curves 
be made for each variety of steel by statistical analysis of the 
rolling mill rejects. Keeping all other variables constant, the 
particular [O] which gives the lowest rejects should be aimed at, 
by suitable adjustments of the refining rate, with the help of 
Schenck’s method. 

Add Opra-bearth 

The principle of the oxidation of carbon in the acid open- 
hearth is the same as in its basic counterpart. Schenck’s equa- 
tion is valid for both the processes. There is no reason why the 
grapdiical method of determining [O] or fFeO] should not be ap- 
jtiicable to the acid process. In fact. Fig. 10.2 is vaUd for acid 
as well as basic open-hearths. In the acid process, the final 
Oxygen is much lower than in the basic one and the finished 
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product is much deaaer. In contrast to the manganese in the 
ba^ opea*heardi, the silicon in the add i»ocess has been erro- 
neously considered as an index of steel quality. It is a fact that 
$i is much more deoxidising than Mn and a high [Si] in the metal 
is a sure sign of Ipw oxygen in steel. But the [0]-content cannot 
be defined by S alone, even if the temperature and the slag cmn- 
position are fixed and whether the latter is saturated with silica 
or not. The inreseoce of MnO, Al20.<i, CaO, in the slag or Mn 
in the metal has a profound influence on the equilibrium cons- 
tant (Eq. 3.22) and they lower the A^si considerably. More- 
over, the bath invariably contains carbon which upsets all rela- 
tions between [S] and [O] (cf. Fig. 3.16). It is doubtful whether 
any slag-metal equilibrium is attained at all in the acid open- 
hearth. We have already discussed on p. SO that the reduc- 
tion of Si and Mn from the slag to the metal is a factor of the 
slag viscosity. A viscous slag hinders the transfer of slag.oxygen 
to the metal which induces carbon to reduce the silica of the 
hearth lining. The reduced silicon in the metal reacts with the 
oxygen diffusing from the slag and is oxidised to silica. It is in- 
corporated in the slag which becomes more viscous and therefore 
encourages further reduction of Si to the metal. Thus the con- 
centration of Si in the acid open-hearth metal depends upon the 
difference of the amount reduced, and that later oxidised, and in 
the absence of a slag-metal equilibrium a unique relation between 
oxygen and silicon cannot build up. It is true that the acid 
open-hearth steel is cleaner and contains lower final oxygen. This 
is not due to a high silicon in the metal. We should rather 
imagine that the reduction of Si from the hearth lining or the slag 
is facilitated due to an already low oxygen in steel, caused by 
the high slag viscosity and the carbon reaction. 

The [0]-content of the acid open-hearth steel can be as low 
as O' 008%, depending upon the metal and slag compositions. 
From Fig. 10.2, the [O] can be quantitatively assessed, at least 
approximately, by Schenck’s transparency method. As regards 
the intensity of refining, the same arguments hold good as in the 
basic process but the final refining rate in the acid process should 
be much slower. Beitter*^ suggests 0.0019% C/min. to be suit- 
able for Ni-Cr steels. The variation of [O] in an actual heat is 
shown in l^g. 2.1S. 
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Pnwuniitif Fncesses 

Acid Bessemer : In the case of open-hearths the oxygen is 
supplied to the metal by the heating gases through the slag layer, 
whereas in the bottom-blown conventional converters the air 
directly oxidises the iron to ferrous oxide. The oxide or [01 
reacts with Si and Mn to form the respective oxides and the 
primary silicate solution thus formed incorporates FeO from the 
metal to make the acid slag — ^FeO-MnO-SiOg. As the metal- 
loids are progressively removed from the pig-iron, the oxygen 
potential of the metal increases continuously and the slag takes 
up more and more of iron oxide in order to attain an equilibrium 
with the metal. It is, however, doubtful if such an equilibrium 
is established at all since the oxygen is supplied to the metal at 
a very high rate. At any moment during the blow, the oxygen 
activity of the metal is greater tthan that of the slag. Therefore, 
any calculation of [O] from the a peo slag will give a lower 
value. 

In the acid bessemer system, the partition co-efficient L = 
(Fe0)/[0] is not applicable and the [O] is much greater than 
given by the relation. This is because an acid bessemer usually 
uses iron with Si/Mn = 2-2-5 which furnishes a dry solid to 
viscous, partly semi-solid slag. This slag is relatively inert and 
there is but a little inter-action with the metal. As long as suffi- 
cient carbon is present, the state of metal oxidation is low and 
only when the carbon flame drops a rapid ^neration of FeO 
begins. This FeO is unable to give itself up to the dry slag and 
hence the large build-up of oxygen in the metal. Althou^ this 
[O] is much larger than it would be if allowed to interact with a 
liquid slag (since, due to the violent agitation, [O] rapidly passes 
over to the liquid slag in the direction of equilibrium), yet during 
the subsequent deoxidising addition of ferro-manganese the loss 
of manganese is much lower. This, at the first sight, may seem 
paradoxical. In fact, however, manganese reacts in this case only 
with the metal- and not with the slag-oxygen. In the case of 
a liquid slag, although the metal oxygen is lower, the overall iron 
oxide content in the slag-metal system taking part in the reaction 
is much larger, with the consequent greater loss of manganese.^’^ 
Any over-oxidation of the metal would lead to a fluxing of the 
dry slag by the excess of generated FeO, resulting in a greater 
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Mn-loss and erratic final analysis. A proper control of the Mow 
and the end pMnt should give uniform [0]4xnitents and lesser 
rejects or off-casts. The relation between oxygen and carbon 
during the blow is shown in Fig. S.12. 

Blowing of low-siiicon/high-manganese iron results 
in a liquid acid slag. In such a case, any addition of ferro- 
mangmese will entail large Mn-losses and, therefore, it is desir- 
able to drain off the slag before such additions are made. Since 
the metal oxygen in contact with a liquid slag is less than that 
when in contact with a dry one, the production of rimming steels 
creates difficulties, as such steels ne^ a higher metal oxidation. 
In these cases, after draining off the slag, the metal can be re- 
blown for a very short time so as to attain the required oxygen 
level.’ 

Thomas ■ Process : Thomas steel, in comparison to acid 
bessemer, may be assumed to attain hi^er [0]-contents because 
in the latter process the dephosphorisation period with its require- 
ment of high oxygen potential is omitted. As long as a suffi- 
cient amount of carbon is present, there is no reason to believe 
that the [Of will behave differently in the two {urocesses. As the 
carbon is progressively removed, Ae [O] in steel increases corres- 
pondingly but not to any great extent since any FeO formed is 
immediately reduced by carbon. When the burning of carbon 
comes to an end, the [0]-content rises slowly and reaches 
0'025-0-04%’®'’* at the disappearance of the carbon flame. 
Afterwards, the [O] rises rapidly to 0 '07-0 -12%, depending 
upon the basicity and (Fe) -content of the slag, [P] and the 
temperature. 

During the ‘after blow’ period, the phosphorus reaction becomes 
very active in the presence of a highly basic liquid slag. At this 
time the lequirement of oxygen by the phosphorus is so great 
that, for a time, it withdraws more oxygen from the bath than is 
supiflied by the air. The state of the bath and the slag becomes 
so reducing that even Mn is reduced back to the metal from the 
slag, resulting in the well-known manganese hump. 

The range of the oxygen contents in the Thomas steel at the 
end of the process was found by Kbrber and Thanheiser’® to be 
O-O? — 0-10%. According to Speith and vom Ende the values 
(before removing the slag or adding ferro-manganese) are func- 
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tions (A the temperatwe and range from 0*04 — 0-(^% at 
1,560°C and from 0-07 — 0'12% at 1,700°C. These valaes aw 
evidently much higher than the open-hearth steel containing about 
0-1 %C. They rise slowly upto about 1,650'’C and then radier 
steeply and are valid for Tliomas steels blown with air and oxy^ 
enriched air (30% — O 2 ) in the bottom-blown converters as wdl 
as for the top blown steels (with 98% — Og,) the samples being 
analysed in all the three cases after the end of the carbon reaction. 
The comparatively wide range of the oxygen values denotes tihat 
apart from the temperature, they are also dependent cm other 
factors. For example, the fO]-content rises with the increasing 
iron content of the slag. Independent of the methods emidoyed, 
the temperature and the (Fe)^lag determine to a yexy lai^ 
extent the [0]-contents in Thomas steel (after the removal of 
carbon). The iron content of Thomas slags, at the end oi the 
carbon reaction, is generally below about 7% and starts rising 
only when the phosphorus content drops below about 0*1%. 
The effect of iron and the impurities in the slag as well as that of 
temperature on oxygen in steel will be clear from Figs. 3.30 and 
8 . 12 . 6 . 

The [0]-content decreases with increasing basicity ct the 
Thomas slag. This is understandable , since, from Fig. 3.26, the 
«FeO of fho Thomas slag, for constant (FeO), decreases as tiie 
composition moves away from the miscibility gap and approadies 
the CaO-comer. 

The relationship between the temperature, [O] and the [P] in 
Thomas steel has been described on p. 108. In contrast to open- 
hearth steel, the final [0]-content in Thomas steel is determined, 
not by carbon, but rather by {rftosphorus. In the open-hearth, 
the [0]-values lie above (and sometimes on) the [C]/[0] 
equilibrium isothermal values of Vacher and Hamilton, whereas 
in the Thomas steel the values are less than what one should ex- 
'pect from the tC].[0] product. However, the IO]-values in flie 
Thomas process are larger than in the open-hearth (since [C] in 
the former is much lower, r-' 0-02%, cf. Fig. 10.4). This high 
oxygM can be brought down to the open-hearth or tiie [C]-[0] 
equilibrium levels by deoxidising the Thomas steel with Thomas 
{Mg-iron or coke breeze. 
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FIr. 10.4-Infliience of carbon on oxygen in steel in various steelmaking 

processes. 

Oxygen/ <dr process^^. There is no definite relationship 
between the oxygen and the carbon in the metal at the end of the 
process. However, the end-[0] is higher than in the normal 
Th(»nas process by about 0*01- 0'02%. It is, however, lower 
than corresponding to the [C]-[0] equilibrium values (c/. p. 214). 

Oxygen /CO 2 Process^^: In this case also, the end-[0] is lower 
than the [CHOJ equilibrium values but is higher than in the air 
or oxygen/air blown Thomas steel. But there seems to be a 
definite relation between [C] and [O] (c/. p. 214). 

From Fig. 5.14, the air-blown steel contains the lowest and the 
Oa/COa-blown one, the highest end-[0]. Thus it appears that the 
large amount of aerial nitrogen in the normal Thomas process 
acts, in a way, as a deoxidising agent. 

LD, LD-AC, PL Processes : There is a definite relationship 
between [C] and [O] in all these processes. The end-[0] is uni- 
formly higher than the [C]-[0] equilibrium values and is of the 
same order as in the open-heardi. In the LD-AC, the equilibrium 
is approached (cf. Fig. 10.4) and in the PL,*® it is even crossed 
to lower values (cf. p. 295 and Fig. 10.4) below r-* 0*05% [C]. 
For LD^* ”, see Fig. 8.13. 

Kaldo; Rotor Processes : The metal oi^gen follows the course 
as in the open-hearth and electric furnaces (cf. Fig. 10.4). 

Electiic steel : The final oxygen content of the liquid electric 
steel lies above tlie equilibrium [C]-[0] curve as in the case of 
open4iearth steel (see Fig. 10.4) However, in contrast to 
open-hearth, the [O] in the electric-arc furnace often aj^oaches 
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and even readies the equilibrium value at higher C-couteuts. The 
equilibrium value can only possibly be reached in die opmi-heaith 
and electric furnaces when the carbon boil, for some reascm <Hr 
other, ceases and comes to a standstill. In the open-heardi, 
the carbon reaction seldom ceases and continues to the eai be- 
cause of the oxidising atmosphere and, therefcne, the [O] values 
ate always higher than the equilibrium cmitents. However, in die 
electric furnaces a reducing atmosphere and thereby a stoppage 
of the boil can be effected at will; and hence, for any given [Q 
content, it is possible to attain the lowest, i.e. the most favourable 
equilibrium [O] values. 

The above fact makes it possible to produce electric steel with- 
out necessarily invoking the reducing slag (^ration.” The heat 
can be so managed as to bring the boil to a stop at the end before 
tailing and thus attain the equilibrium oxygen. This is seldom 
possible in the open-hearth. 

The oxygen contents of the electric steel, at the end of oxidis- 
ing refining by ore or gaseous oxygen lancing, vary from 0-025 — 
0-040% according to the carbon-content® The redudng reac- 
tion which starts after running off the oxidising slag is achieved by 
additions like aluminium, when the oxygen is largely removed and 
a so-called white slag is obtained. Oxy^n removal is rapid and 
in 10-15 minutes, oxygen as low as 0-01 — 0-02% is attained. 
Further reduction is only riow since the separation of sdid 
alumina suspensions takes a long time (50-60 min). 



[ ^ denotes oxyge^i in steel ] 

Fig. 10.5-Relation between oxygen in electric steel & iron in slat 
refining wth on and oxygen, the carbon content beinar 0-12-0 
(K. G. Speith tc H. v. Ende, Suhl und Eisen, 74, 1964, 520) . 
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The [OKontent increases with (Fe)'«Iag at constant [C] as 
shown in Fig. 10.5. The influence of temperature cannot be 
detected as it is overshadowed by the greater effect of [C] and 
(Fe), alffiough the oxygen solubility in steel increases with 
temperature. It can also be seen from the figure that the oxygen 
ctmtents are similar whether the refining is performed with ore 
or with gaseous oxygen. Since the decarburisation rate in the 
latter case is much M^er, it is evident that Schenck’s concept 
(Eq. S.8) is not applicable for the determination of oxygen dur- 
ing the refining of electric steel. 

The lower the (Fe)-content of slag, the faster and nearer will 
be the approach of [O] to the [C]-[0] equilibrium. Therefore, 
after the initial high rate of decarburisation obtained by ore addi- 
tions, the bath should be aUowed to boil slowly without the 
further use of ore. The slag iron will be slowly reduced and the 
metal oxygen approach equilibrium with carbon. 


REFERENCES 

1. LARSEN, B. M. : Trans. AIME. 146, IJWl, p. 67. 

2. FETTERS, K.I,. & J. CHIPMAN : op. cil., 140, 1940, p. 1S6. 

3. VACHER, H. C. & E, H. IIOMILTON : op. cit., 95. 1931, pp. 124-40. 

4 . SCHENCK, H. : The Physical Chemistry of Steelmaking, Translation 
BISRA, London, 1945, pp, 490*504. 

See also: SCHENCK, H. : Stahl u. Eisen, 53, 1933, p. 1049 & p. 1333. 
SCHENCK. H., W. RIESS & E. O. BRUGGEMANN : Z. Electrochem., 
38. 1932, pp. 562-68. 

5. SPEITH, K. G. & H. v. ENDE : Stahl m. Eisen, 74, 1954, pp. .509-21. 

6. MACKENZIE, I. M. : J, Iron Steel Inst., 154 1946, pp. 55-59. 

See also : SARJANT, R. J, : ibid., pp. 205-71. 

7. HESS, W. : Stahl u. Eisen, 79, 19.59, pp. 1567-78; 81, 1961, pp. 103-10. 

8. KRABIELL, H.J. : op. cit., 76, 1956, p. 1166. 

9. SPEITH, K. G. & H. v. ENDE: op. cit., 76, 1956, pp. 1161-66. 

10. See Ref. 5, p. 524. 

11. BEITTER, F. : Stahl u. El^en, 53, 1933, p. 398. 

12. CAWLEY. F.B. & D.R. WA'^TTLEWORTH : Iron Coal Trd. Rev., 25 
May 1956, pp. 741-45. 

13. FISCHER, W. A. & H. STRAUBE : Stahl u. Eisen, 80. 1960, pp. 1194- 
1206. 

14. PEARSON, J. : Iron Coal Trd. Rev., 30 December, 1960, pp. 1407-13. 

15. KORBER, F. & G. THANEISER : Mitt. KWI, 14, 1932, pp. 205-19 ; 
BARDENHEUER, P. & G. THANEISER : op. cit., 15, 1933, pp. 311-14. 

16. POTTGIESSER, H. : Stahl u. Eisen, 78. 1958, pp. 291-98. 

17. PLOCKLINGER, E. & M. WAHLSTER : op. cit., 80, 1960, pp. 40M6. 

18. METZ, P.. A. DECKER & J. NEPPER : ibid., pp. 20-27. 

19. SCHURMANN, E.. K. K. ASCENDORFF. H. HOFGES & E. KOHLER : 
op. cit., 81, 1961, pp. 63-72. 

20. SCHENCK. H. : op. cit., 77. 1957. pp. 1442-50. 



Chapter XI 


DEOXIDATION: NON-METALLIC INCLUSIONS 

The quality of steel depends not only on a proper control of 
metal and slag compositions, temperature, gases like hydrogen 
and nitrogen, etc. but also greatly on the oxygen content at 
taping. A dirty steel results from an insufficient removal of 
oxygen by deoxidisers andjor inadequate separation of the pro- 
ducts of deoxidation from the metal. The deoxidisers are ele- 
ments having, as compared to iron, greater affinities for oxygen 
and whose products of oxidation are insoluble in and lighter than 
iron. It is only natural that the lower the end-oxygen the smaller 
will be the quantity of the deoxidation products and, therefore, 
the cleaner will be the steel. But, as already mentioned on 
p. 346, it is sometimes necessary to deliberately maintain a high 
oxygen during refining for the purpose of liquefying the high 
melting oxide particles in suspension in the metal, thereby faci- 
litating their separation. This excess oxygen has to be removed 
by suitable means. 


Diffusion deoxidation ^ 

An obvious method for removing the end-oxygen to any desired 
extent is simply to create conditions in the bath and the slag so 
that [O] can migrate frmn the former to the latter. This is 
known as diffusion deoxidation. Oxygen transfer from metal to 
slag can only take place when the oxygen pressure or potential 
of the slag is less than that of the metal. In order to equalise 
the potentials in both the phases, oxygen from the interior of the 
metal must diffuse to the slag|metal interface where the slag can 
pick it up until an equilibrium between the two potentials is 
reached. Further transfer can take place if the equilibrium is 
disturbed by such mactions that decrease the aF(.o of the slag. 
Metal oxygen at any temperature is related to slag oxygen by 
%[0] max. = %[0]. Since [O] max is constant at any tem- 
perature, [O] can only be lowered if OFeO is reduced. The same is 
true with the concept of free oxide where L — (FeO)/[0] and, 
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therefore, the metal oxygen will migrate to slag as long as [O] > 
(FeO)/L. The lowering of npeO or free FeO’ can be effected by 
(/) decreasing the basicity enormously, (u) increasing the basicity 
in the range of basic slags, (i7i) actively removing FeO from the 
slag with the help of reducing agents like ferro-silicon, carbon, 
aluminium etc. The possibilities (/) can be immediately discar- 
ded because of adverse effect on sulphur and phosphorus removal 
and (i7) is not feasible to any great extent since there is a limit 
to increase of lime. Only (iii) affords a practicable measure for 
reducing the slag (FeO). A decrease in temperature, though 
it reduces the amount of free FeO, has its own limitations.- 

In the open-hearth processes, the reduction of slag by means 
of carbon and silicon (2FeO + Si = SiOa -|- Fe; FeO-j-C = 
CO -)-Fe) is restricted by the oxidising furnace atmosphere which 
bums off large amounts of these substances. The atmosphere 
itself also supfdies oxygen continuously to the slag. Yet a certain 
amount of deoxidation can be and is achieved by additions like 
ferro-manganese and ferro-silicon at the end of refining and a 
little before tapping. Such effects last for about half an hour, 
after which period the slag starts regaining its oxidising capacity. 
Even during this period, the diffusion is hampered by lack of tur- 
bulence since the carbon boil ceases for want of sufficient oxygen. 
In this respect, electric steelmaking in induction furnaces offers 
advantages because of the stirring action of the eddy current on 
the molten metal. A complete deoxidation, both in the open- 
hearth and electric furnaces, is hampered by the absorption of 
iron oxide (which has necessarily to be present during decarbu- 
risation) by the refractory lining. As the metal and slag are 
denuded of iron oxide, the equilibrium of the latter between the 
lining, metal and the slag is disturbed which results in the transfer 
of oxygen from the lining to the metal. 

The advantages of diffusion deoxidation are greatly made use 
of in basic electric steelmaking, where the increase in or main- 
tenance of the temperature does not need any oxidising heating 
gases and a reducing atmosphere can be achieved at will. Since, 
during decarburisation, the presence of an oxidising slag is a 
necessity, such a slag is replaced by a new one for subsequent 
bath deoxidation; otherwise, a rephosphorisation is bound to 
occur. This new slag, which is known as reducing slag and con- 
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sists mostly ol lime, cm its fonaaticm and liquefaction will itself 
withdraw a certain amount of oxygen from the bath so as to satisfy 
the physical law of partition between two phases. But this self- 
evident deoxidation does not proceed to an extent as to furnish 
such a clean steel as is expected and required. For more or 
less complete deoxidation, it is necessary to destroy the oxidising 
potential of the slag so that the metal oxygen can migrate to the 
slag unhindered. This is achieved normally by carbon in the 
form of coke, charcoal or graphite and also sometime by Fe-Al 
and Fe-Si. After the addition of the reducing agents, the slag 
progressively becomes whiter as ferrous oxide is removed and 
finally assumes a typical well-known ‘grey’ colour, caused by the 
formation of calcium carbide (CaO-|-3C-»CaC2-t-CO). This grey 
colour is an indication that the slag is completely denuded of FeO 
(i.e. deoxidation of the bath has been far-reaching, as a corollary) 
since, otherwise, the presence of an appreciable concentration of 
FeO would destroy the calcium carbide thus : 


CaCs + 3FcO - CaO + 3Fe -f 2CO 


At such a stage, when deoxidation is more or less complete, the 
alloying of steel can be performed without any fear of formation 
of any oxides. The removal of oxygen takes, however, some 
time because of lack of turbulence, which can be artificially 
created by stirring with the hand or by the electric eddy currents 
as already mentioned. 

We must be aware of the fact that the solubility of oxygen in 
steel decreases with temperature (cf. Fig. 3.2). Therefore, during 
casting, as the metal cools there is an automatic deoxidation. At 
the freezing point, there is an abrupt fall in the solubility and 
iron oxide separates out as a slag in the absence of any foreign 
element having a greater affinity for oxygen. 

Precipitation deoxidaliiHi 

In spite of the great advantages of the electric furnaces for 
obtaining low oxygen steels, in practice it has been found that 
the quality is below expectation and that a high residual oxygen 
is closely associated with cleaner and sounder castings. It is 
clear from Fig. 10.3 also, that a hi^ oxygen is necessary, espe- 
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dally with low [Ma] heats, in order to liquefy the solid sospra* 
atom of oxides (&om and A1 in scrap) in the bath. Mme- 
over, a v^orous boil is necessary for removing the gases, espe> 
dally hydrogen, as well as to scavenge out the oxide suspensions. 
Sudi a boil can only be maintained with high metal oxygen. It 
has been the practice therefore, for basic electric furnaces, to 
use low carbon scrap from steel mills so that impurities like Si, 
Al, gases, etc. would be the minimum. Nowadays, it is not 
necessary for such furnaces to conlBhe to such special variety of 
scrap wWe availability is naturally small.. This has been made 
possible because of our increasing knowledge of the methods for 
removing the oxygen completely from steel with proper use of 
deoxidisers which furnish liquid deoxidation products. 

The purpose or the aim of the so called precipitation deoxida- 
tion is not only to remove oxygen by the formation of oxides 
that are insoluble in liquid steel but also to separate these lighter 
particles, which are formed within the metal and remain suspen- 
ded in it, as far and as speedily as possible. These deoxidation 
products can climb to the surface of the metal rapidly if, accord- 
ing to Stokes’ law, they are spherical in shape. Since, according 
to this law, the velocity of rising of any particle (under otherwise 
same conditions) entrapped in a liquid is proportional to the 
square of the radius of Ae particle, it is evident that the separa- 
tion of the deoxidation products will be faster the greater their 
radii. Now, the spherical form can be attained completely only 
when the products are liquid. Moreover, these liquid droplets 
can undergo collision and coalesce and thereby grow larger and 
finally climb to the metal surface rapidly. It is no wonder, as 
long ago as 1928, Herty Jr and Fltterer^ suggested that it should 
be the endeavour of steelmakers to obtain liquid deoxidation pro- 
ducts. This has further won support from the investigation of 
Fischer and Wahlster.* They have shown the presence of glassy 
silicates in soft steel which must have been liquid during or after 
their formation. Soon after Herty’s suggestions, widespread inves- 
tigations started for finding the conditions under which such liquid 
products could be obtained. KSrber and Oelsen* have been 
{Honeers in this field. 

Precipitation deoxidation can be carried out by any deoxidiser 
whose oxide is insoluble in the metal. These oxides being lighter 



360 


PRINCIPLEil dP STEELMAKINti 


than the metal can rise td the metal surface, the velocity depaii(i> 
ing upon the densities of the oxide and of the metal, viscosity of 
the metal, size and shape of the oxides, spherical forms having 
larger velocity than any other shape. Assuming sf^erical shape, 
the velocity of rising of the oxides in liquid iron can be calculated 
by Stokes’ law. 

Example : According to Stokes’ law, the rate of rise of the de- 
oxidation product is given by : 

v=0'222.gj^.{dM-ds)/n cm, per sec. 

where 

v=velocity of rising of the particle in cm. per sec. 

g=gravitational constant = 981 cm. per sec per sec. 
=density of metal ; for steel with 0-1 %C and 
1,550‘’-1,600°C, the density is about 7 gm. 
per C.C. 

d, =density of inclusion or slag; it varies from 2-5 gm. 
per c.c. 

«}=: viscosity of metal ; for liquid steel it is about 0-025 
dyne-sec per cm.® 

r=radius of inclusion particle. 

From the above equation, for an Al-Mn-silicate with density 
of 3 gm. per c.c. and radius of 0-1 mm, v=3-3 cm. per sec. and 
for radius of 1 mm. v=330 cm. per sec. 

The common deoxidisers used in steelmaking are : Mn, Si, A1 
and to a smaller extent 11, V, B, Zr, Ca, etc. either singly or in 
combination. The densities of their oxides vary from 2 to 4 
g/cm.® The velocity of rising of the deoxidation products in 
liquid iron has been calculated by Ranque® for different densities 
and particle size. 

The afiBnity of the deoxidisers for oxygen have already been 
discussed under their individual equilibrium systems. A com- 
parision is shown in ccHumon in Fig. 3.32. Amongst the usual 
elements used are Mn, Si and Al, the first having the weakest 
and the last the strongest deoxidising actions. The equilibrium 
systems of Mn, Si and Al, singly and together, in oxygen-con- 
taining liquid iron have already been discussed in Otap III. 
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Before considering these systems regarding tte part they {day in 
precipitation deoxidation, we wotdd first familiarise ourselves with 
the various terms used in the process.^ 

Non-metaUic inclusions : These are slag particles, i.e. the 
deoxidation products entrapped in steel during its solidification. 
Indigenous inclusions are those which develop from the oxidation 
products of elements used for deoxidation. Exogenous inclusions 
are those which originate from the refractories of ladles, launders, 
runners, stcqiper rods, etc. They can either be fluxed by the slag 
carried over to the ladle during tapping or by the deoxidation 
products themselves; or, they can directly enter the metal throu^ 
mechanical erosion, fractures, etc. 

Non-metaUic inclusion may also originate from sulphur and 
nitrogen by forming multiple compounds. 

Primary deoxidation products : The deoxidisers are generally 
added to the ladle during tapping. Since the chemical reaction 
between the oxygen in steel and the added elements is very fast, 
the deoxidation products are formed immediately. These may 
separate out or remain as suspensions in the liquid metal depend- 
ing upon the density, viscosity of the metal and the oxides. The 
primary deoxidation products are those which are found in any 
sample of liquid metal. These may contain some of the suspen- 
sions carried over from the furnace itself due to their inability 
to separate out. 

Secondary deoxidation products : Deoxidation cannot remove 
all the dissolved oxygen. At best, it can bring down the oxygen 
to the level in equilibrium with the concentration of the deoxidisers. 
Such equilibrium oxygen values are shown in Hg. 3.32 or can be 
calculated from the deoxidation constants of elements as discussed 
in the respective equilibrium systems, taking the temperature into 
consideration. But, during the solidification of steel in the ingot 
the conditions undergo profound change. As iron crystallises out, 
the rest metallic melt becomes progressively enriched with the dis- 
solved elements including oxygen. The temperature also falls. 
These factors disturb the equilibrium previously attained and 
further reaction between the elements and oxygen occurs, resulting 
in the formation of fresh inclusions or secondary deoxidation pro- 
ducts. Since these secondary products are seldom able to separate 
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out, it should be the endeavour to remove most of the oxygen as 
piimary ones and attain the lowest possible equilibrium oxygen. 

Total and dissolved oxygen : Oxygen in steel is usually esti- 
mated by the high temperature vacuum extraction process. The 
results include the oxygen contained in the suspended oxide parti- 
cles as well as in the dissolved state. The amount of the suspend- 
ed oxides should be very small if the refining of steel has been done 
satisfactorily, e.g. with a vigorous boil and slight over-oxidation, 
depending upon the [Mn]-content, for the liquefaction of silica 
and alumina suspensions. Dissolved oxygen becomes less and less 
as deoxidation proceeds and continues to do so during solidifica- 
tion. At the end, it becomes almost nil, because of its reaction 
with the increasing concentration of the deoxidisers in the liquid 
portions of the solidifying steel. The total oxygen decreases as 
the oxides separate out and, in the ideal case, should correspond 
with the equilibrium oxygen. 

In order to obtain a clean killed steel with the least possible 
inclusions (solid or CO-blow holes), the following two conditions 
are to be fulfilled :* 

( 1 ) The liquid steel in the teeming ladle should have the least 
possible equilibrium oxygen (i.e. dissolved oxygen) just 
before teeming in order to keep down the quantity of the 
secondary deoxidation products, which separate out with 
great difficulty, to the minimum. 

(2) The separation of the primary deoxidation products should 
be more or less complete before teeming starts. 

The first requirement is not difficult if very strong deoxidisers 
are used, depending however, upon the desired specification of the 
finished steel. The primary problem of the precipitation deoxida- 
tion devolves upon the fulfilment of the second requirement. 

In order to fulfil the second requirement, it was and still is 
assumed that liquid, coagulable, light deoxidation-products, large 
in size, must be aimed at to ensure their rapid and extensive separa- 
tion from the liquid metal. Any deoxidiser, the melting point of 
whose oxide is above the temperature of liquid steel should, there- 
fore, be unsuitable. Herty has in 1930 suggested the use of Mn- 
Si whose oxidation product, Fe-Mn-silicate, possesses lower melt- 
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ing point than that of iron through a large range of its chemical 
composition. We would now consider, in somewhat detail, the 
conditions under which the common deoxidisers Mn, Si, and A1 
may furnish, singly or together, the desired liquid oxides. 

Deoxidation by manganese : The equilibrium reaction of [Mn] 
and [O] in steel has already been discussed in Chap. III. The 
oxidation product, MnO, forms a solution with FeO which may 
be solid or liquid depending upon [Mn] and [O] (or the ratio 
FeO and MnO as per FeO-MnO phase diagram) at any given 
temperature. 

It can be seen from Fig. 3.32 that Mn is not a very good 
deoxidiser. The oxygen content of steel, containing even small 
amounts of carbon, is much below the equilibrium value with 
regard to Mn and, therefore, Mn does not come into the picture of 
deoxidation of liquid steel. But conditions change during solidi- 
fication in the ingot in the case of rimming steels (since in killed 
and semi-killed steels, the oxygen is lowered by stronger deoxi- 
disers). Since carbon is a stronger reducing agent, the increasing 
concentrations of [C], [Mn] and [O] in the rest metallic melt would 
make [C] and [O] react preferentially, with the evolution of CO. 
But the evolution of CO depends on thepcoas well as on the 
facOities of nucleation of bubbles. The ferrostatic head of an ingot 
plus the atmospheric pressure are equivalent to 1 •? atm. at a 
depth of 1 m and 2-7 atm. at 2 m. Therefore, at the bottom, the 
00-evolution will be more suppressed than at the middle or at the 
top. At the bottom, with increasing concentrations of [Mn] and 
[O] and supfH'essed CO-evolution, there may be an inter-action 
between [Mn] and [O], provided decarburisation does not take 
place there. Whether the deoxidation product then formed under 
the special circumstances will be liquid or solid, depends upon the 
concentrations of [Mn] and [O] and the temperature in the molten 
portion. 

Deoxidation by silicon : The equilibrium system of [Si] and 
[O] in liquid steel has already been discussed in Chap. III. The 
c o nditions , under which a liquid silicate may be formed, can be 
seen from Fig. 3.15. Even a small amount of [Si] in steel, e.g. 
0 004%. with the corresponding fO]-content 0-06%, forms solid 
silica. Silicon is a much stronger deoxidiser than manganese. 
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It is known that the melting point of silica is lowered in the 
presence of MnO. Manganese silicate has a lower melting point 
than that of iron and, therefore, the simultaneous deoxidation with 
Mn-Si should produce liquid products, instead of solid silica, as in 
the case of pore Si. Surprisingly also, Mn and Si lower the oxygen 
in steel by a much greater extent than when each is used separately. 
This is clear from Fig. 3.32h. 

Deoxidation with Mn and Si : The equilibrium reactions of 
[Mn] and [Si] with the oxygen in steel has already been discussed 
in Chap. III. From Fig. 3,32h, it can be seen that 0-05% Si and 
0-5% Mn in iron are in equilibrium with almost half the amount of 
oxygen than is the case with 0.05% of pure silicon and in additimi, 
the manganese silicate is still liquid at steelmaking temperatures. 

Hie side view of Fig. 3.19 shows the relation between [Mn] 
and [O] when the steel contains varying amounts of silicon. The 
figure is valid for 1,600°C. At higher temperatures the curves 
shift upwards, i.e. the stability of oxygen in steel is increased; in 
other words, more [Mn] is necessary for reaching a definite oxygen 
than at lower temperatures. Thus, if the Fe-Mn-Si-O equilibrium 
has been attained at higher temperatures, the deoxidation proceeds 
automatically as the temperature falls, since the curves shift down- 
wards. The side-view shows : 

( 1 ) the oxygen content of steel in the presence of Mn is brought 
to low values by very small additions of silicon r-' 0-05%, 
as compared to pure Mn-deoxidation shown by the FeO- 
MnO line. 

(2) the liquid deoxidation products, i.e. silicates can be obtain- 
ed with high [Mn] even at low [O] and high [Si]. 

(3) manganese takes part in deoxidation as long as liquid sili- 
cates are possible. The higher the [Si] the higher must 
also be the [Mn], so that the latter can take part in the 
reaction. In the region of solid silica, [O] is a function 
of [Si] only. 

Fig. 11.1* (a), (b) and (c) shows the action of silicon at 
1,600°C on steel containing manganese with an initial oxygen con- 
tent of [0]=:0-10S%. Deoxidation with Si alone furnishes solid 
rilica along the line UX. One can add more Si, the higher the 
Mn-content of steel. At initial [Mn]=0'5% and [0]=0’105%, 
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the maximum Si that can be added is 0*17% without producing 
solid silica. Ehiring deoxidation, both [Si] and [Mn] are consumed. 



Fig. ll.l->Action of increasing silicon additions to liquid iron at different 
manganese contents at 1,6(K)'’C, the initial oxygen in steel being 0*105%. 

(Korber & Oelscn) . 

The elements remaining in the melt after deoxidation are respec- 
tively shown in Fig. 11.1 (b) and (c) and they are 0 - 11% Si and 
0*42% Mn. If the amount of Si is more than 0- 17%, the [Mn]- 
content increases (giving solid silica and liquid silicate shown in 
(c) by the shaded area), because the initial MnO formed is re- 
duced by the excess silicon. An addition of Si in excess of that 
given by UX will always form solid silica. In such a case the 
manganese does not take part in the deoxidation reaction and its 
content remains unaltered as shown in Fig. 11.1(c). 

It is clear from Fig. 3.18 that the formation or disappearance of 
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solid silica or liquid silicate is closely interlinked with the intern- 
dependent values of [Si], [Mn] and [O], and any two of the latter 
can fix the third. Herty Jr.^ has suggested that one should aim at 
a Mn/Si ratio of 4:1 to 7:1 in liquid steel for obtaining a clean 
metal. He has been of the opinion that [Mn] must be several 
times higher than [Si] in order that enough MnO be present for the 
liquefaction of silica. Fig. 11.2'^ shows the relationship of [Mn] 


i:t w:t 



Mn^ might % 

Fig. 1 1.2— Conditions for the formation of liquid deoxidation product while 
deoxidising steel with Mn Xc Si together. (H. Schenck, Stahl und Eisen, 

77, 1957, 1446). 

[The underlined elements denote their presence in Steel.] 

and [Si] for the formation of liquid silicate. The ratios given 
above are drawn across the figure in dotted lines together with the 
higher ratios as well. Curve 111 is after Schenck and Wiesner^ at 
1,540°C, whereas I and 11 are of Korber and Oelsen* for 
1,600°C and 1,500°C respectively. According to the latter work, 
the curves shift to the right with decreasing temperature. Although 
the curves of Korber and Oelsen fall within the range Mn/Si of 
4 to 7, that of Schenck and Wiesner shows that even a ratio 7:1 
is not sufficient for obtaining a liquid silicate below about 0.8% 
[Mn]. It may be noted that there is a slight inflection in the curves 
at low [Mn] contents. Below about 0-3% [Mn] the ratio should be 
above 10:1, or else, solid silica may develop. 
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From Fig. 1 1.2, a ratio of 7: 1 is sot always sufficient to produce 
liquid silicate. In practice as weU, such a ratio does not always 
ensure the expected dean steel when Mn-Si alloy is added in the 
furnace or in the ladle. It is, therefore, advisable to use die least 
possible amount of silicon to bring down the initial high [O] and, 
later, add the required silicon for the purpose of alloying or com- 
plete killing. In many plants spiegel iron or open-hearth pig with 
low silicon is used for the same purpose, which furnishes liquid 
silicates and where the carbon in the additions acts also as a 
deoxidiser. 

Ihe effect of carbon, which is always present, should not be 
neglected, especially when the amount is large. It lowers the 
solidification range of steel and we have seen above that the 
boundary line of liquid silicates shifts to the right, i.e. to higher 
Mn/Si ratios, with decreasing temperature. Further, the increas- 
ing carbon concentration in the rest metallic melt of the solidifying 
ingot affects the activities of [Mn], [Si] and [O]. How such in- 
teractions would affect the possibilities of any liquid silicate for- 
mation cannot be predicted. To be on the safe side, it is usual 
to add small amounts of the strong deoxidiser Al, which removes 
extensively the initial high oxygen. 

We have seen in Fig. 3.19 that, in the Mn-Si deoxidation, the 
higher the [Mn], the lower is the oxygen content that can be 
reached without entering the field of solid silica. This becomes 
clearer from Fig. 11.3. However, the lowest oxygen attainable 
with Mn-Si is of the order of 0-01% or a little lower, which is 
mostly unsatisfactory, and a stronger deoxidiser is necessary. 

Deoxidation with MnSi-Al : Because of the very high fusion 
temperature (r-> 2,030°C) of Alj-Oa, one would expect solid 
deoxidation products from Al. Oelsen and Heynert® worked on 
the possible liquid deoxidation products with combinations of Mn 
and Al. Curve III (Fig. 11.3^), based on their results, shows 
that for the same Mn, the oxygen required to liquefy alumina is 
much higher than that requited to liquefy silica. And this is the 
case with a very low, almost unmeasurable, amount of Al. There- 
fore, for a significant amount of Al, the question of the formation 
of liquid aluminates does not arise. 

The picture, however, changes if silicon is present in the system, 
which furnishes liquid Al-Mn-silicates. Such a liquid silicate as 
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well as a very low oxygen, lower than in the case Mn-SS alcme 
(Curve I Fig. 11.3), can be attained by the use of Mn-Si-AI a^ 
shown by Curve 11 (see also Fig. 3.326). 



ns. ll.S—Conditions for liquefaction of silica & alumina suspensions in 
liquid iron at 1^40-'! ,550 Curve 1, for liquid Fe<Mn-silicate; 11 as 1, 
with 20% alumina; 111 for liquid aluminate. la & Ilia as I &; 111 but with 
metal containing 0*5% C. (H. Schenck, Stahl und Eisen, 77, 1957, 1147). 

[ O denotes its presence in steel. ] 

To summarise'^, it is possible to attain a low oxygen in steel by 
deoxidising with Mn-Si and simultaneously obtain a liquid deoxi* 
dation product, which is so very important for the cleanness of 
steel. But, one must be careful to maintain the Mn/Si ratio very 
high; thereby, an [0]-content of the order of 0-01% can be 
attained without difficulty. However, in combination with a small 
amount of A1 r-' 0 03%, i.e. 0-3 kg/t of steel, the oxygen can 
be lowered to about 0-001% without any danger of formation of 
solid products. It is, of course, sometimes necessary to achieve 
still lower oxygen contents, or more of A1 may be necessary 
(1 kg/t) for fixing the nitrogen. Under such circumstances, the 
oxygen should be brought down to a low value with low-Al Mn-^ 
combination and the final rest of aluminium, when added, will 
find only a small amount of oxygen and the fine solid alumina 
suspensions then formed will not be harmful. 
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Koch add Wever'** have shown (Fig. tl.4) the effect of relative 
IM'opoitions of Mn, Si, A1 for obtaining a low content of inclu- 
sions. High Si/Al ratios yield much cleaner metal. 



Fig. 11.4~Relationsliip between inclusions and silicon contents with different 
ratios of Si & Al. (\V. Koch & F. Wever, Stahl und Eisen, 74, 1954. 264-71.) 

Recent experiments on deoxidation confirm what has been said 
in the foregoing discussions but indications are there which do not 
conform to these ideas. Plbcklinger and co-workers®'* have 
shown that using Al alone, in contrast to these ideas, the primary 
high alumina inclusions separate out several times faster than the 
silicates formed from Si. According to Plocklinger and Wahlster*, 
Si forms liquid coagulable silicates instead of solid silica. The 
importance of turbulence on the velocity of separation of oxide 
inclusions has come to light. Bom and Wittstruck'^ have shown 
that only a very small amount of inclusions is retained from a 
rimming metal. Also, in their experiments on deoxidation of 
Thmnas steel with Al, Plbcklinger and Rosegger" have found 
that tiny alumina particles separate out even in the ingot because 
of turbulent currents in the liquid steel. 

In order to verify these new findings, Plbcklinger and Wahlster* 
have carried out numerous deoxidation experiments with liquid 
steel containing 0-08-0’10% oxygen and using Si, Ti, Al, Zr, 
MnSi, CaSi, CaAl and other deoxidisers. 

Deoxidation with silicon furnishes, immediately after the addi- 
tion, liquid, well-coagulable, homogeneous silicate inclusions with 
98% SiOo. 

24 
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With H, in a diort time, large oxide iodasitms of 90% HOa 
are formed , which are not uniform and look like sintered mass. 
Deoxidation with Zr gives ZrOa with m.p. 2,700°C and the inclu- 
sions are small and contain 93% ZrOs. In some regions, coagu- 
lation does occur and, therefore, larger particles could be isolated 
with size up to 10 |i or so. 

Deoxidation with A1 gives rise to, within 30 sec., primary 
products with r- ' 97% AI 2 O 3 . Most of these contain nuclei of 
the liquefied oxide with fine oxide particles sintered around them. 

In the case of silico-manganese, the size and shape of the pri- 
mary products containing 20-30% MnO are similar to those formed 
from the silicon deoxidation reaction. The coagulation in this 
case, however, continues for several minutes after the addition. 
The same happens with silico-calcium as well. 

In shorts, the addition of deoxidisers alone or as ferro-alloys 
to liquid steel containing oxygen produces, initially, liquid oxides 
which may coagulate or sinter together according to t^ir nature 
and the prevailing conditions. The reaction is very rapid and 
only products with low melting points can continue to coagulate 
for a longer period. The question arises why even the high 
melting oxides (except perhaps Zr 02 ) do form, at least initially, 
liquid oxides and grow in size in a very short time. The fluxing 
action of FeO is not answerable for the phenomenon since only 
up to 10% of this oxide has been found in the inclusions. No 
fdausible reasons are afforded but amongst other possibilities, it 
may be that locally very high temperatures are attained when the 
deoxidisers react with oxygen in steel, giving out enormous heats 

formation of their oxides. 

The behaviour of different deoxidisers is shown clearly in 
Fig. 1 1 .5®. One can see three distinct categories : 

( 1 ) Some deoxidisers like Si, SiMn, SiCa, when added to steel 
in the ladle during tapping, show relatively small amounts 
of oxygen removal in the first couple of minutes but the 
oxygen decreases continuously for some time after the 
tapping is complete. 

(2) Droxidisers like Al, Tl, FeAl, CaAl, remove most of the 
oxygen, which attains low values immediately after the 
addition and their solution in steel. The oxides formed 
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Separate out laj^dly. A ptolouged stay in the ladle does 
not lead to any further diminution of oxygen. 

(3) Although Zr has a great afBnity for oxygen and lowers 
[O] to a great extent and, initially, a part of the onde 
formed separates out rajudly, yet the steel, contains a con- 
siderable amount of total oxygen or inclusions. This is 
doe to the unfavourable physical properties of the oxide 
particles and, even after a prolonged stay in the ladle, the 
particles do not separate out. 



Time in minutes after tap 

Fig. 11,5— Variations in the total oxygen in steel after addition of various 
deoxidisers. (E. Plocklinger & M. Wahlster, Stahl und Eisen, 80, 1960, 666) . 

During teeming there is a further separation of the oxides in 
the ingot which continues up to the moment of complete solidifica- 
tion. 

A striking phenomenon, however, is that neither the size nor 
the density of the primary oxidation products determines the speed 
and extent of their separation from liquid steel. It has been 
found that in the first 3 min. after tapping, during which period 
a turbulence in the ladle metal is discernible, small particles of 
ox i des of Zr separate out as rapidly as the much larger Ti-oxide 
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inclusions. Also, inclusions of the same size, e.g. ^umma atMl 
silicate, show a different behaviour in their sejiaratbn. Alaaii-> 
nium brings tOj rapidly down to 15% of the initial value, whereas 
silicon with a slower speed of separation brings it to only ^50%. 
It is clear that the separation of the inclusions is not dependent 
on the particle size in a turbulent bath. The effect of the densi^ 
is equally surprising. Silicates with a density of 2-3 should sepa- 
rate out mme rajMdly than the heavier oxides of A1 and Ti (density 
of <»ddes 3*9 and 3-8 respectively); in fact, however, they do 
not do so. 

Tt is surmised that the surface properties have a role to play 
in the separation of the deoxidation products. AUOs and 2^0- 
are scarcely wetted by liquid steel with low oxygen contents : 
whereas, silica-rich silicates and glasses show a good ‘wettability’ 
because of free valencies on their phase interfaces. The influence 
is strengthened by the higher oxygen content in silicon-deoxidised 
steel, which imparts a smaller surface tension on the liquid steel 
as well as a smaller interfacial tension on the oxide inclusions 
than in the case with very low oxygen steel, when Al, Zr and Ti 
are used as deoxidisers. 

During the stay of the ladle after the end of tapping, i.e. from 
3 to 12 rain., the turbulence in the metal ceases. However, a 
thermal movement is sUll present, which is not enough to separate 
out particles less than the critical size ' 10 p). Oxides of Al 
and Zr, smaller in size, remain in the metal. Since their m.p. 
are higher than that of steel, they no longer coagulate and grow 
bigger. 

Deoxidation products of Si and, especially of SiMn, because 
of dieir lower m.p., can and do grow larger through coagulation. 
Inspite of their unfavourable wettability properties, they rise up 
during the stay of the ladle because of the size factor only. 

The physical conditions during teeming are similar to those 
occurring during tapping in the ladle. A turbulence (mechanical) 
is caused which enables the particles to separate out but, some- 
what, slowly, since the high®f 'riscosity of the metal at lower 
temperatures resists such movements upwards. One must also 
take account of the secondary deoxidation products formed, during 
solidification, from the oxygen left over after the deoxidafioo 
reaction. 
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A very clean fully>killed <^n-bearth or dectiic steel gent^Uy 
contains about 0*004% total oxygen, the amount of inclusions 
iwt exceeding r-' 0*01% by weight; whereas, an average basic 
open-hearth steel may contain 0*008% of total oxygen and 
0*01:^*025% of inclusions. It is not difficult*to obtain steels 
with cleanness of this order in the open-hearth because they are 
tai^d at much higher temperatures (50°-60°C higher) than the 
Thomas ones. The greater cleanness of the former variety as 
compared to the latter can be attributed to the following factors, 
(/) low viscosity of steel at higher temperatures, (ii) the possi- 
bility of allowing more time at high tempeatures for the separa- 
tion of the deoxidation products, and (Hi) low initial oxygen con- 
tents of the open-hearth steels, especially at high C-contents, as 
compared to Thomas varieties. Open-hearth quality Thomas 
steel with low-{P] and low-[S] is generally tapped at lower tem- 
peratures; this lower temperature and the presence of the deoxi- 
dation products in suspension, both increase the viscosity of the 
steel which, in order to minimise the radiation losses, has to be 
teemed soon after tapjrfng. An addition of 0*12-0*25% Si to 
the steel, alone or with 0*4 Kg Al/t, gives inclusions ranging 
from 0*05 to 0*130%, which is extremely unsatisfactory. Such 
steels, if killed by 0*29% Si with 0* 1-0*2% Al, contain much 
less of inclusions, as found in the open-hearth varieties; whereas, 
if killed with 0*2-0 *5% Al alone, they can be compared with 
the cleanest open-hearth or electric ones. 

It is believed that aluminium is, by far, the best deoxidiser. 
Castings made from aluminium-deoxidised steel are generally 
sound and free from pinhole porosity.^®* Even calcium, which, 
according to the free energy data, is a more potent deoxidiser 
than aluminium, when used as a complex with Si and/or Mfi 
does not lower the oxygen content of steel sufficiently^® as to 
prevent the pinhole porosity. 

There is a distinct advantage in deoxidising by carbon since the 
product is a gas and escapes. Low carbon steel having a high 
residual oxygen can be deoxidised to a certain extent by recarbu- 
lising and oxygen values, corresponding to C-O equilibrium, may 
be reached. Degasification under vacuum serves the same pur- 
pose, but to a much greater extent (cf. Chapter XIII). 
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NON'METAIXIC INCLUSIONS 

ladigenous indiidoiis 

We have defined non-nietallic inclusions on p. 361. These 
are mainly oxides and sulphides but nitrides and cariiides ate 
also included in the family. The causes of the fonnation of 
indigenous inclusions are : 

(a) reactions of oxygen, sulphur, nitrogen with deoxidisets 
and denitrifiers. 

(b) oxidation reactions occurring during refining, tapi^ng or 
teeming. 

(c) separation of soluble constituents during cooling and 
freezing. 

(d) progressive change in the equilibrium constants with fall- 
ing temperature and the change in the concentrations of 
various elements in the rest metallic melt during solidifi- 
cation, resulting in the precipitation of the insoluble pro- 
ducts. 

A greater part of the insoluble inclusions originally formed 
separates out while the metal is still liquid. But due to factors 
(c) and (d) above, they continue to be precipitated from the metal 
during cooling and freeang. They are, therefore, always in eqm- 
librium with the metal as far as permitted by the reaction rates 
and diffusion of the reactants. Their compositions thus become 
dependent on the composition and temperature of the metal. 
Their size and shape depend upon whe&er they precipitate as 
solid or liquid. The solids are constrained to remain as small 
particles and are crystalline (except the glassy preciintates which 
do not ciystallise). The liquids remmn as globules and are 
larger in size due to coagulation. Some inclusions, especially 
sulphides, are very soluble in steel and preciintate from the last 
portions of the rest metallic melt and deposit on the primary grain 
boundaries. 

Oxides : The mechanism of formation of oxide inclusions can 
be understood from the equilibrium systems of Mn, Si, A1 and 
otiiers described in Chapter m. Their oxides may appear singly 
or together, depending upon their relative amounts as well as on 
the temperature and oxygen content of steel. 
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Iq die rimming steel, only FeO-MnO indiudons are focmed 
which may be solid or Uqukl dqwnding upon tlm conditions (c/. 
F%. 3.9). Since manganese is always present in steel, a s&i^ 
deoxidised steel may contain solid silica or liquid iron-manganese- 
silicate. Their compositions have been discussed in Chapter m. 
In the presence of small quantities of aluminium, it is possible to 
get liquid aluminates. Larger additions of A1 produce solid alu- 
mina with other oxides. Alumina is sometimes found incorpo- 
rated in the silicate or sulfide inclusions. Some inclusions have 
already been described in the section on deoxidation in this 
chapter. 

Inclusions of silica and alumina formed from the respective 
elements accompan^ng pig-iron and scrap can be solid or liquid 
depending upon the manganese and oxygen contents of steel (cf. 
Fig. 11.3). 

Sulphides ; The sulphides constitute more than half the 
amount of inclusions in steel. Manganese is the most important 
of all sulphur binders because of its presence in much larger 
amounts compared to other elements. Other sulphides, e.g. AI 2 S 8 , 
ZrS. TiS, CrS, CaS, etc. are possible but their concentrations are 
relatively small. Their solubilities in steel are much less than 
that of MnS except in the case of TiS. (An exce.ss of titanium 
induces a eutectic sulphide formation). These are all soluble 
in MnS and, therefore, seldom occur singly. The important sul- 
phide systems and the role of manganese in forming sulphide in- 
clusions have already been discussed on pp. 134-37. 

Oxygen is invariably present in steel and it lowers the solubility 
of FeS-MnS therein. Such inclusions are precipitated earlier and 
they tend to form ^obules.^® Non-killed and silicon deoxidised 
steels (where a little oxygen is always left) show such type of 
inclusions. In the case of a steel, completely killed with just 
enou^ quantities and no excess of deoxithsers like Al, Zr, the 
solubility of FeS-MnS increases and they precipitate as eutectics 
on the grain boundaries with the last metal to freeze. Such a 
metal shows low ductility values. But when an excess of these 
deoriidisets are jwesent they form sulphides, which being less sdu- 
ble, iweciititate earlier and grow larger. The ill-effects of sulphur 
are much reduced in such cases. 

Nitrides : We have discussed on p. 132 the relative afBni^ft 
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tA a few , elements for .nitrogen. Amimgst these,. 
as^nimes a great importance since it is invariably »lded itei 
dnrmg tapjping and teeming for deoxidation and fioe>9raiiied 
snmrtnre. It reacts with nitrogen to form a nitride, AIN, 
precipitates when the equilibrium product is exceeded. Accords 
ing to Darken et al,-" 

log, (% [Ai] . % IN] ) = — 7.400/7’ + 1 -95 , 

The precipitation is slow at high and low temperatures but is 
rather rapid in the intermediate range®\ around 800®C. The 
precipitation of nitrides partly removes the ill-effects of nitrogen. 
Other nitrides are also possible, e.g nitrides of Zr, B, Ti. They 
have practically no solid solubility in steel and precipitate as cubic 
crystals during the freezing of the metal. 

Carbides^'’ : Stable carbides of titanium and columbium are 
possible when they are present in sufficient quantities. These car- 
bides are insoluble in solid steel and precipitate when the metal 
reaches the freezing temperature. 

Exogenous inclusions 

The chief sources of these inclusions are; (a) products of metal- 
refractory interaction, (b) entrapment of slag, (c) mechanical 
erosion of refractories (d) slag-refractory corrosion and entra{>- 
ment of the products. These are discussed briefly below : 

(^) 22.28 Manganese in steel can react with the silica of the 
alumino-silicate refractories in the ladle, launder, stopper 
lods, ruimers; the MnO thus formed fluxes the refractory. 
The fluxed material becomes incorporated in the metal and 
is entrapped in the ingot during solidification. These re- 
actions are probably aided by high metal temperature 
which softens the refractories. Such inclusions have been 
found to closely resemble the composition of the casting 
pit refractories and consist mainly of MnO, SiO- and 
Al20;t. The attack by the manganese in steel will be less, 
the higher the refractoriness. i.e. the higher the alumina 
content of the material and the lower the [Mnl/[^ ratio. 

According to Morton and Carter,*^ the ferric oxide, Fe20s, 
IM’esent in the refractory is attacked initially by manganese and 
iron and the resulting liquid FeO-MnO slag, fluxes the refractory. 
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lA. dsg, FeO-MnO-SOa-AIjjOa, is taken up by the metal, the 
MOOUiihi of FeO and MnO depending up(m the Mn- and Si- con- 
teafo ci the metal. Thus, a low-Fe 203 refractory should be more 
resistant to metal attack, which has been shown experimentally 
by these investigators. 

(h) The slag formed during steelmaking may be physically 
entrapped in the metal. In the acid process, the com- 
position would naturally be Fe0-Mn0-Si02 with some 
CaO and Ai20.<|. In the basic process, the inclusions will 
consist of CaO, MgO, MnO, SIO., P-O.-,, CaS, FeO, 
FeaO..), mostly as compounds. 

(r) Liquid steel is always in contact with refractories, from the 
furnace onwards, till it is poured in the moulds. Since 
.these refractories are mostly alumino-silicates, their fusion 
temperatures are only a little higher than the temperature 
of the liquid steel. This slight advantage is also wiped 
out by the fluxing action of FeO and MnO. Thus the 
refractory surface in contact with the metal is more or 
less in a fused state or at least soft enough to be eroded 
away by the metal stream. Most of these, however, float 
out but some may be trapped in the freezing ingot. They 
are generally of large size and can be easily recognised 
from their structure. In order to reduce their occurrence, 
only hi^ grade refractory materials should be used and 
patching work done with basic refractory materials.®® Steel 
should also be poured hot since it*' high fluidity would 
allow the entrained inclusions to float to the surface easily 
(Stokes’ law). 

(</) Slags are extremely corrosive at high temperatures. The 
action of basic slags on alumino-silicates is much more 
than that of acid slags. Lime and, to a smaller extent 
magnesia, attack the fire-clay bricks and form multi^rie 
compounds with silica and alumina which dissolve in the 
slag but some may be entrained in the metal. 

The subject of non-metallic inclusions is a vast one. The 
causes of their occurrence have been discussed, which is the pur- 
pose of this section. For a detailed study, the reader may refer 
to odicr sources.*®'®®’®® 
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Chapter XII 


GASES IN STEEL 

The presence of gases in steel deteriorates its quality. Investiga- 
dons have led to the idcntifk:ation of mainly CO, H 2 , N 2 , togethef 
with small amounts of CO 3 H^O, O 2 and CH^. The latter four 
may, however, be neglected. The evolution of the former three 
during solidification of the metal may give rise to wild, bleeding 
ingots; the gases may also be entrapped and give rise to blow 
hales, which cause flaws in the finished products unless closed by 
welding during hot working. The evolution of the gases not only 
adversely affects the mechanical properties of steel but causes 
segregation as well. 

The solubility of hydrogen and nitrogen in steel follows Sievert’s 
law (Eq. 1.20) and their evolution pressures increase as the metal 
cools down. The evolution pressure of CO also increases, since 
the concentrations of carbon and oxygen increase in the rest 
metallic melt during solidification. The gases can evolve inside 
the ingots if their total evolution pressure exceeds the sum of the 
pressures of the atmosphere and the ferrostatic head. The tensile 
strength of steel, measured in atmospheres, must be added to die 
latter pressures if the formation of a gas bubble in the solid metal 
involves fracture of the material. 

HYDROGEN 


General 

The presence of more hydrogen than corresponding to its 
solubility at the melting point of steel causes unsound and porous 
ingots and castings. Hydrogen, in amounts 0-0006 — 0-0012%, 
can cause such defects in steel depending upon the amount and 
nature of the alloying elements. Ingots made from steel with 
lower hydrogen contents are not immune from defects. They 
cause abnormal reduction in the ductility and reduction of area 
values. A marked sensitivity to flaking occurs when hydrogen 
exceeds about 0-0002%. The hair-line crack is generated by 
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Ote evolution pressure of hydrog»i lU low tmpcaratoies i4^> 
to low solubility and consequent fxredpitaticm of ^ gas), 
exceeds the lensile strength of steel. Both these pheiu^tia aflqct: 
hot rolling and forging; they may also initiate fatigw ci^ks tn 
service conqwnents. It is true that considerable amoimts of 
hydrogen can be removed by proper heat treatment. Hus is ,p(^ 
sible because of the high diffusion velocity of the gas in s^l, 
which inceases with temperature. But, for thick cross-sections, it 
becomes uneconomical since a prolonged heating is necessary. By 
doubling the cross-section, the time necessary is about four times 
for the same degree of hydrogen removal. Steels with enlarged 
y -ffeld take longer because the diffusUm in this variety is much 
slower than in the *< - or 8-ooes. 

Electric and Open-hearth Fia’naces : ’ •* The chief sources of 
hydrogen in steel are the furnace atmosphere (water vapour, 
unbumcd hydrocarbon or hydrogen), slag, moist slag-formers or 
other additions, moist or oily scrap as well as the refractories 
(launder, ladle, runners, etc.). The moisture reacts with steel 
according to : 


H,0 (g) = 2[H] + [O] 

The equilibrium oxygen and hydrogen contents of liquid iron 
in the presence of humid atmosphere at various partial fuessures 
of water vapour are shown in IRg. 3.35. It is paradoxical that, 
at low oxygen contents, the metal can take up more hydrogen 
from a moist atmosphere than from a pure hydrogen atmosphere. 
This is probably because, while a thin film of slag or oxide is 
permeable to water va^ur, it does not permit the escape of 
hydrogen. Thus, it rather absorbs atomic hydrogen than give up 
molecular hydrogen.-' 

From Fig. 3.35, steel absorbs M)-0006% from a pure hydrogen 
atmosphere of pu, = 0-05 atm. But, a well-killed steel or steel 
from under a reducing slag in the electric furnace can take more 
hydrogen from an atmosphere with Pnjo ^ alwut 0-003 
atm. It is not surprising, therefore, that considerable quantities 
of hydrogen can be absorbed by steel in the open-hearth and elec- 
tric furnaces. In the open-ltearth the products of combustion 
contain about 25% by volume of water vapour besides the 
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iCioast^ contMts of the addidons. On a hot summer day, with 
n^lative hmoufiQr of 80-90%, the electric furnace atmo^ibeie 
may contain 4-6% of moisture; whereas, in cold winter widi 
humidity 40-45%, the moisture ccmtent may range from only 
0-35-0 '40%. Again, the relative humidity may vary by even 
100% during a course of a few hours. Thus^ for making a 
good quality steel, the melters have to be careful all the time. 
Various workers*'® have found a correlation between the relative 
humidity and the frequent of occurrence of ‘bleeding’ ingots. 

During steelmaking in the furnaces, hydrogen can be taken up 
from the furnace atmosj^re either in the melt-down period, 
when bare scrap is exposed directly to the combusticm gases, or 
through the slag layer which acts as a barrier. The other source 
is. of course, the moisture in the charge. From Fig. 3.35, it is 
clear that the hydrogen absorption will be lower, the higher the 
state of oxidation of the bath. This lends support to the observa- 
tion in practice that heats, worked and tapped hot, yield products 
with much better physical properties and less rejects. This is 
probably because such heats invariably mean high residual oxygen 
in the bath. In electric steelmaking, especially during the wet 
summer months, the melt down period is of importance. The 
smaller the melting time and the higher the oxygen the bath 
carries, the lower will be the hydrogen to start with. But, in the 
open-hearth processes, the summer and winter months should 
have no influence on the melt-down hydrogen since the furnace 
atmosffliere itself contains a considerable amount of moisture. 

It has been demonstrated by various workers*'^^ that the acid 
open-hearth steels contain much less hydrogen than the bask 
ones (difference, usually r-' 0-0002% ). This may be the reason 
for the fact that acid steels are less susceptible to hair-line cracks 
than the basic ones. Some of the values are given in Table 12.1 
together with those of other processes. This difference in the 
acid and basic open-hearth steels can only be due to the part the 
slag plays in these two processes, since, the furnace atmospheres 
in both the cases are identical. It is not exactly known in which 
form does the hydrogen exist in slags. It may be as hydrogen 
or HO’® or H 2 O*. The total hydrogen contents of the acid and 
batic (^n-hearth slags as well as those of the basic arc oxidising 
ones are given in Table 12.2’. TTie average hydrogen content 
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at the basic ejien-bearth slags is 0'0063% and that die acht 
ones ^ about, a third of this value. This may account, partly at 
feast, for the higher hydrogen contents in basic steels. It can be 
seen from the tables 12.1 and 12.2 that die hydrogen contents 
of slags are much more than that of steel. 


TABLE-12.1 

HYDROGEN AND NITROGEN IN STEEL 


Steelmaking Process 

Hydrogen %,10“* 

nitrogen %.10'* 

Acid opcn-hear&h 

S-8 

30-80 

Basic open-hearth 

Basic electric arc 

5-6 


4-4 


Acid Bessemer 


100-200 

Basic Bessemer (normal Thomas^ 

„ „ (oxygen-enriched) 

4*5 (liq. steel) 

(t 

4-5 „ „ 

40-80 

„ „ (oxygen-steam) 

614 „ 

20-40 

'lABLE-12.2 


HYDROGEN IN SLAG 


Steelmaking Process 

Hydrogen %.10“* 

Add open-hearth slag 

10-S5 



50-75 


Basic electric arc „ 

(oxidising period) 

40-70 



Equilibrium experiments with the slag and a moist atmosphere 
show that the hydrogen content increases with the partial pressure 
of water vapour. At 1,550°C a slag, under pure vapour, may 
contain hydrogen 0‘09-0'11%; whereas, under the air, the same 
slag at the same temperature contains 0.0001-0.002% hydrogen.* 
In the electric arc furnace, the dry atmosphere and the double 
slagging result in a lower hydrogen in the slag than in the case 
of basic open-hearth. 

Hydrogen delivered to steel by the furnace atmosphere, whedier 
directly or through the slag layer, can escape only when its evolu- 
tion pressure is high and exceeds the sum of the atmospheric and 
ferrostatic pressures (meaning that the liquid steel must be super- 
saturated with hydrogen, which does not happen) or when the 
bubbles of other ^ses ate present whose hydrogen partial pressure 
is less than that in the metal. Such sources are the bubbles of 
CO or CO 2 evolved during the carbon (or lime) boil, into which 
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l^^tbogBQ diffuses from the steel at the gas(bubble)/metal inter- 
face and leaves the metal with the ascending gas stream. There- 
fnre, the hydrogen in the metal would depend upon the difiermice 
between the amount escaj^g and the amoimt delivered by the 
slag. Since the amount escaping increases as the gas/metal 
interfacial area increases, it is apparent that a vigorous carbtm 
boil would have greater scavenging or washing action on 
hydrogen^’^*. Hiis is clear from Fig. which shows the 

theoretical hydrogen content of steel as a function of time for 
different rates of carbon boil. The course the hydrogen follows 
and its relation to carbon removal have been computed by many 
from acid, basic and electric hearth heats. The results indicate 
that the lowest hydrogen is reached during the boil, i.e. in the 
decarburisation period®,*^'^®. 

There exists, during the boil, an apparent equilibrium between 
the hydrogen absorption by the metal and the washing action of 
€XD. Provided there is a vigorous boil, the initial hydrogen con- 
centration should not affect the end-content of the gas. High 
moisture bearing additions, under such circumstances, do not 
necessarily lead to a high hydrogen in the finished steel. The 
vigour, not the duration of the boil, profoundly affects the metal 
hydrogen.* Here again we realise the importance of Schenck’s 
suggestions^ of refining with slags at a basicity ratio of about 2.7, 
where the activity of (FcO) is the maximum (c/. Fig. 4.5). The 
resulting high bath oxygen does not only help the manganese to 
flux the solid suspended particles of silica and alumina present 
in the bath (cf. Fig. 11.3), but it also increases the decarburisa- 
tion rate (with the resulting washing away of hydrogen) ; and 
further, according to Eq. 3.53, a Wgh oxygen can only be in equi- 
librium with a low hydrogen and thus the excess gas will be obliged 
to escape as and when facilities, such as bubbles, occur. For 
low hydrogen steels, the rates of decarburisation prescribed are : 
basic open-hearth r-' 0*5%C/ hour; acid open-hearth 0’2- 
0-3% C/hour.*'» 

The additions made to the furnace during steelmaking should 
be very dry, especially if they are in large lumps since they pass 
tiirough the slag layer and come directly in contact with the metal. 
Li^t materials lose their moisture to the furnace atmosphere 
during (he interval tiiey remain in the slag. 
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0 5 10 IS 20 IS SO 

Time tn minuies 

Fig. 12.1— Theoretical washing action of evolved gases on hydrogen in steel at 
different decarburisation rates. 

The deoxidisers used also contain considerable amounts of 
hydrogen.®'*’’* These may cause an increase of the gas in die 
metal, more so when the bath is blocked, since the washing action 
of the boil becomes absent and also a low oxygen in the metal 
would enable a lugher amount of hydrogen to remain in equili- 
brium. During this period, the tiydrogen content shows an in- 
oease in both the acid and basic open-hearths, caused by the re- 
action of the slag and the metal with the furnace gases. It is. 
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Aeidbre, iulviBable to tap die metal as socm as posdUe afta tibe 
batii bas bees Uocbed. The blocking in the ladle shoiild be 
more advantageous. In the electric furnace, the iiigredientB 
added for making the *reducing slag’ should be diy in otder to 
prevent a late hydrogra jHck-^ip. 

Hydrogen pick-up of over 0*0002% has been reported by 
Barraclough^^ and Sims et al* from moist refractories during tap- 
ing and teeming. A freshly lined ladle may cause an increase 
ci 0*0001%, whereas the same ladle, after a couple of heats, 
shows an increase of only 0*00003% hydrogen. A considerable 
amount the gas may also be absorbed from the ingot moulds 
themselves.^* A profusely tar-coated mould shows much higher 
hydrogen (by even 0*0004% ) in steel than in the case of a clean 
uncoated • mould.** 

Barracloo^** has compiled the approximate hydrogen contents 
of basic electric-arc fully killed steels of different varieties for 
sound, unsound and wild ingots icf. Table 12.3). 

TABLE-12.S 


Type of steel 

1 Hydrogen per cent x 

in ingots * 

Sound 

Unsound 

Wild 

Unalloyed 

60 

e-o- 7-5 

7-5 

Low alloy 

6-5 

6-5- 8 0 

8-0 

Stainless Chrom 

9-0 

9-o-n*o 

no 

Stainless Chrom-nickel 

11-0 

11-0-12-5 

12-5 


•0.0001% H = 1-11 an*.H/100 gm. 


In conclusion, the following should be carefully observed for 
producing a low hydrogen steel* : 

(n) a vigorous boil be maintained for ’scaven^g* the hydrogen 

(h) all additions made, especially after the boil, must be very 
dry. Lime is the most potent source of moisture in the 
electric furnace. 

(c) the launder, runners, ladle and the ingot moulds must be 
dry in order to ward off the hydrogen absorption during 
tapping and teeming. 

(d) in die add and basic open-heardis, the metal should be 
tajqied as soon as possible after the *blodc’. 


25 
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It bn bem fouad tbn with aU the tikitts, it ie d^icult to fpK 
(bibe steel with l^diograi town than 0-0004%. For still toi^ 
taydn^D, the vacuum 8tream-<d^n8iiig (cf. CSu^. Xm) is pro* 
bably the mly answer. By tlds method it can be toou^ down 
to about 0-0002% or less. One hn to consider, however, toe 
cost of vacuum treatment which ranges from £2-3 per ton.** Bo^ 
on the other hand, a large i»ece for forging would take 2-3 weeks 
for annealing and driving out the gas by diffusion. One otoer 
way is to bubble inert gases like argon, helium (nitrogen also can 
be used but its contmt in steel increases, rendering the latter 
unsuitable for special varieties), through the liquid metal or direct 
a high pressure jet ai the gases on it through the slag cover. B 
is, however, difficult to bring the hydrogen down below 0-(X)03% . 

Pneumatk Processes : . The amounts of hydrogen in steel, pro- 
duced in the converters,^^ are shown in Table 12.1. They are 
generally less than in the hearth furnaces. This is because of the 
scavenging action of the aerial nitrogen and the very high rate of 
decarburisation, of the order 15-25% C/hour, which is about 
30-50 times higher than in the hearth furnaces. A spedal men- 
tion will be made here of the oxy*«team process‘d, since, con- 
trary to normal expectations, the hydrogen content steel in tois 
case is only slightly higher than in the conventional practfee, 
although an enormous volume of steam is used (O 2 : H 2 O from 
1 : 1 -0 to 1 : 1 -5). At the end of the blow, the pardal pressure 
of water vapour is 0'2-0-3 atm. and, therefore, the theoretical 
[Hj-contents (for [0]=0-05-0-09%) should be 0-002-0-004%; 
but, the actual figures are 0-0004-0-0010% as can be sMn in 
Fig. 3.35, shaded areas a and b respectively. (The eqtuUbrium 
IHHO] diagram is from Carney etal.*^^). The average value is 
about 0-0004% when tiie steam is stopped during the final blow, 
after the first slag-off, in the case of ffine’ dephosphorisatton. The 
conditions during the final blow are highly mddising and tiie air or 
oxygen-enriched air used in tiiis period have a certain scavenging 
action. Both reduce the hydrogen content greatly, to conttaB, 
tile second-slag period in the electric furnace is highly redudi^ 
imd there titt dariger of hydrogen absorption is contider^le. 

The hydrogen contents of the ingots and finished products «e 
much less than that of liquid sted because of the deoaddinng and 
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iNDinii^ Bijous « as tfae diAiskm of hydrogen during storage. 
These are shown hy the areas c and d. 


NITROGEN 


Gcaenl 

The srdubility of nitrogen in steel and its deleterious effects on 
the jdiysical properties of the metal have been discussed in Gbap* 
ter m. High nitrogen steels are unsuitable for deep drawing pur- 
poses. On the other hand, the element imparts certain properties 
wfaidr are useful for some varieties,®® viz. Cr-Mn and Ni-less stain- 
less steels. Like oxygen, it is possible to fix the nitrogen by deni- 
trifiers .such as Al, Tl, B, Zr, etc. Hydrc^en cannot be removed 
or fixed by any such elements. Hi^rto, the open-hearth steel 
had been considered ideal for its low nitrogen contents, 0-003- 
0*008%. For the air-blown converter steel, the range is 0-010- 
0-020% . In the (^n-hearth, the nitrogenous atmosphere is sepa- 
rated by the slag layer; whereas, in the converter processes the 
aerial nitrogen is in direct contact' with the metal. The danger is 
more when the dead weight of nitrogen passes undiluted (by CX) 
gas) at the end of the blow, because the solubility increases as the 
partial pressure of nitrogen rises. It is remarkable that a high 
nitrogen {i-> 0-016% ) has been observed in melts from the electric 
induction furnace.®* This may be probably because the aerial 
nitrogen has free access when the slag cover is pushed aside by the 
turbulent motirar of the eddy currents or because the coke, used 
for making the reducing slag, itself supplies nitrogen. 

Some nitrogen values are given in Table 12.1. The nitrpgen 
content of open-hearth steels is low because of the washing action 
of the decarburisaticm reaction and tdmost a complete lack of any 
direct contact of nitrogenous atmosphere with the metal. Great 
^orts have been made in the last decade to jH-oduce low-i^os- 
fdiorus and low-nitrogen steels in converters, comparable to open- 
hearth varieties. The {Bosphorus problems have been discussed 
in Chapter VIII. We will devote, in the following pages, mainly 
to tile nitrogen absorption in various jmeumatic processes. 

It may be noted here that the nitrogen absorptirai increases with 
(a) temp^ature (b) partial pressure of nitrogen (c) time and 
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indmaqr ct contact. Since these factors are ccnmnon in aD the 
pneumatic processes, we wiH discuss each tuiefly : 

(a) The temperature should not be allowed to rise excesnvely. 
The minimum temperature is, however, limited by die teem- 
ing requirements and pouring techiuques. An excesdve 
rise can be controlled by the addition of steam to the blast 
or ore, millscale, scrap, to the bath. The reactions of steam 
and iron oxides with the bath are highly endothermic and, 
therefm'e, both are superior to scrap. A ctunparison of 
various coolants is given in Table 12.4. 

TABLE-12.4 

tFFSCT OF VARIOUS COOLANTS OOMPARRB TO SCStAP 


1 m* steam 
1 m* carbon dioxide 
1 Kg Ore (60% Fc) 

1 Kg lime-stone 


7 Kg scrap 
9 Kg scrap 
2 Kg scrap 
2.1 Kg scrap 


(b) An addition of steam or carbon dioxide to the blast re- 

duces the partial pressure of nitrogen. We should be 
aware that when the dead weight of nitrogen ascends un- 
diluted throu^ the metal in the converter, in the absmice 
of the carbon reaction and when the oxygen forms only 
non-gaseous oxides, the p 1^2 is about 1*3 atm. (sum of 
the atmospheric and ferrostatic pressures). The partial 
pressure is reduced if the converter is blown oblique or 
tiirough the sides or the bath depth is low. An (dd ctm- 
verter lining with a new bottom gives much lower nitrogen 
because the depth is lower for tiie same weight of mettdlic 
diarge. Contrary to usual belief, the oxygen-enrichment 
does not reduce pn* Thomas after4>low period.** 

Even with 95% oi^gen, the pn* = 0*95-1 '(X) atm. 
El the case of oxy-steam blow, p^t = 0*05-0*10 atm. 
during the after-blow. 

(c) The removal of metalloids depends upon the amount of 
oxygen supped. The real variable is the oxygen input 
and not the time. Therefore, additions (d oxidising treats 
like oxygen, steam, carbon dimdde, ore, miOscate, etc. 
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diOTteo die time of blow and ledtice tbe vdome of nitco* 
gen, thereto redndng tbe nitrogen absoipdon. Low badi 
dqnh also reduces tbe time of contact of nitri^en. The 
same effect is obtained in the oblique or side blowing. 
The latter two reduce tihe intimacy of contact considerably. 

It may be mentioned here that the j^-iron from the blast 
furnace contains very low nitrogen, 0*003-0*006%, although the 
partial pressure of nitrogen in the furnace is about 1 atm. Sted 
contains larger amounts because of subsequent pick-up during 
refining. The low values are probably because of the low tem- 
perature of iron and the reduced solubility of nitrogen in the 
presence of carbon and silicon {cf Fig. 3.38). These become 
apparent from the following equation of Darken and Gurry 

log % (N]= — 0-86 — 0 06% [Si] — 0-24% [C\ -|- 0*015% 

[Mn] — lOOO/r 

A<id Bessemer : In the acid Bessemer, the final nitrogen 
is of the order of 0*015 — 0*020%. If it is assumed that nitro- 
gea at approximately 1 atm. is in direct contact with the metal, 
the content should be much higher, viz. 0*04%. It seems die 
equilibrium is never reached. From Fig. 2.2, the calculated 
nitrogen solubility (dotted line) follows the observed values 
dosely in tbe initial stage but the latter fall off rapidly later. 
According to Darken and Gurry,‘‘ this is because, at the early 
stage, nitrogen is in direct contact with the metal, the products 
of oxidation being either permeable solid silica or gaseous CX). 
After a period, a thin liquid oxide film forms a barrier and retards 
the absorption of nitrogen. It follows that a low nitrogen should 
be associated with cold blows or any other blow where the silicon 
is oxidised early. 

The final nitrogen can be reduced to 0.002% if the'metal 
is blow with oxygen/steam mixtures (60:40 ratio), tf the bath 
depth is reduced to a third, nitrogen r-*’ 0*01% can be realised. 

Basie Processes 

Thomas or basic Basemet : The final lutrogen content of the 
Thomas steel is similar to its acid counterpart. Dardell” sug- 
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gMts the fdlowing eqoatioii for the ^ect of eadioB and 
idioms oa the tolubility maxima of'nitrogea in liqtud iron. . 

log%lN]=: — l -61/r — 0-721 +i log />Ni— 0-0092 {% 

FcsP + %PesC) where pn* is in atm. 

According to the equatitm, the absorption of nitrogra during the 
Hiomas blow is slow at the beginning when carbon and i^kx* 
phorus are present in considerable amounts. The absotptitm m" 
creases at the end when most of them have been removed, i.e. 
during the after blow period (cf. Fig. 2.3). 

The mechanism of nitrogen absorption has bera discussed on 
p. 131. As long as the system remains oxidising and the ten^iera- 
ture remains low, the absorption is sluggish. It begins to rise 
when the temperature is high and the oxygen potential has 
decreased suddenly after the transition due to extensive depbos> 
phorisation (cf. Fig. 8.3) . According to Kosmider and Schenck,** 
the absorption is facilitated under reducing conditions and re- 
tarded under oxidising conditions. This knowledge and the ex- 
perience of many workers have led to various modifications of 
the blowing technique, viz. oblique and side blowing, oxygen 
enrichment of air, oxy-steam and oxy-carbdn dioxide mixtures, 
additions of oxidising agents before the transition when nitrogen 
is low, etc. for obtaining low nitrogen steels. It may be noted 
here that due to profuse decarburisation the initial nitrogen, 
0-006 — 0-008%, decreases to a minimum of 0-003 — 0-004% 
in about 30 — 50% of the blowing time. 

HPN and LNP : These processes make use of ore or mills- 
cale before the transition, while the nitrogen is still low. The 
I»x>gress of the blows is shown in Fig. 2.4. Such additions keep 
the bath oxidising during the critical period of nitrogen absorp- 
tion, .i.e. just before and after the transition. They promote 
early formation of oxidising slags, decrease the duration of the 
blow as well as the finishing temperature. Nitrogen content is 
below 0-01% in the liquid steel. 

Oxygen-enriched air : Oxygen-enrichment of rur serves 
almost the same purpose as the ore or scale in the HPN or LNP 
processes. The enriched blast can be used throughout the blow 
but is usually done when the blow has gone halfway. Nitrogen 
content is below 0-01%. 
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' jSayoa^mt dioxide i The introdnctim of euboo dkuddb to 
Q» Uast Is dime die blow has gone about halfway widi 
tit. This lednoes the consumption of the expeoave gas. The 
dme of blew is shortened to 12 min. as against 16 min. with ahr. 
TIk cocriling effect of CO2 is much more than that of HgO, as it 
dtear from Table 12.4. The nitrogen content is below 0*01%. 

Oxysteam ** : This is by far the most rajad process. The 
tfawe olblow is <miy about 8 min. The progress of the blow is shown 
hi Rg. 2.5. At certain sta^ during ^ blow, the decarburisaticm 
rate can be as Ugh as 1% C/min and the deiriiosphorisation rate 
0’8% P/min. The lime is liquefied eariy since about 50% of the 
{diosphorus is removed before the transition. If only an oxygen- 
steam mixture is blown throughout, the nitrogen content ranges 
between 0-002 — 0-003%. 

In fact, however, the nitrogen range in Haspe, Germany, is 
0-003 — 0-005%. This is because a two-slag process is usually 
employed for producing very low-phos|Aoras steel, r- ' 0-02%, 
comparable to the open-hearth quality. When the phosphorus 
has reached 0-06 — 0-12%, the first dag is drained off as mudi 
as possible and the metal reblown for 20—45 seconds with air 
or (Mtygen-enriched air, with or without additions of slag formers 
like tinift dust and soda. Some nitrogen is, naturally, introduc^ 
<^Tn-»ng reblowing but the steam is deliberately avoided in this 
period in order to wash away some of the hydrogen. 
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Purity of oxygen, % 
fN denotes its presence in steel.] 
n-. 12 . 2 -Influence o£"purity of oxygen on 

^-tteam and top-blovm proce^-. fc P- *■ 

* Hardt, Stahl und Eisen, 81, 1961, 1581-88) . 


The amount of nitrogen introduced in the steel depends upon 
Om purity of oxygen (cf. Fig. 12.2“). The average values at 
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Haspe are li^ibar tiian thore in Belgium mr in llie Steel Gmnpai^ 
ol Wales, the reascm is apparent from tbe above discusaoos. 

Oxygen I^mxsses: The dependence of nitrogen absoipdop 
on the purity of oxygen in the top-blown oxygen process is shown 
in Fig. 12.2. With oi^gen purity of 96 — ^97%, the nitro^ can 
be as high as in the open-hearth steel (0'004 — 0*006%). Tlds 
nitrogen content is obviously higher than that in the modified 
basic Bessemer jKOoesses using oxygen, althouj^, in this case, 
dephosphorisation precedes decarburisation, the washing actian 
of the carbon boil ccmtinues to the end and there is no after-blow, 
during which period the tendency for nitrogen absorption is tlm 
greatest. The reason for such a behaviour may probably be 
attributed to the much longer duration of the blow and the hig)i 
local temperature where the oi^gen jet meets the metal. 

It is possible to obtain steels with 0*004 — 0.006% nitrogen 
using even 85% pure oxygen, if water is injected into the oxygen 
lance to act as a coolant It is a very effective means for siq>- 
pressing the high local temperature of the reaction zone and thus 
controlling the nitrogen content of the metal. The use of water 
may not, however, be economical as the cooling effect decreases 
the amount of scrap that can be melted in the LD or other oxygen 
steelmaking processes. 


CARBON MONOXIDE 

Unldlled steel forms the major portion of the world production 
of commercial steels. This is not only because the iinlriilt»Yt steel 
is cheaper and discards are less, but also because of its good sur- 
face and thick skin, free from segregations, which help in iu 
shai^. 

The evolution of C50 during casting of ingots is of utmost im- 
portance in the production of unkilled steel. As we are already 
aware, the equihlnium products of carbon and oxygen in liquid 
iron are 0*0025 at l.eOO^C and 0*0020 at 1,500®C. However, 
the actual values of the tapped steels in the ladle range between 
0*0045 — 0*0060, depending upon the carbon content. Due to 
the lack cS. facilities for nudeation, there is seldom any rim or 
eflfbrvescence in the ladle, although the products exceed the equili** 
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bifiiiii values. Hie ccmdition duuages cm pouring tbe metel in tte 
moidd wben die tmnperatuie drops and the metal starts freezing, 
the iron crystals separating out serving as nucld. Tbe first poi^ 
don to solidify consists of more or less pure crystals of ircm and, 
as the freezing proceeds, tbe residual liquid becomes progressively 
mitidied in carbon, oxygen and others of which manganese only 
is cd importance in un^ed steels. The carbon-oxygen reaction 
is a function of pressure; it proceeds freely on tbe surface but it is 
more and more inhibited, as the depth increases in tbe mould, due 
to tile fenostatic pressure of the ingot bead. This means that the 
reaction between C and O starts at a lower temperature the 
greater the ingot head, i.e. the distance from the metal level. In 
other words, the CO evolution will occur when the cooling has 
progressed far, tbe metal viscosity has increased and the dendrites 
have extended farther into tbe liquid which result in tbe retenticm 
at any gas evolved, between the dendrites, as blow-boles. It is, 
therefore, understandable that an increased presence of surface 
blow-holes is observed in the lower third of tbe rimming steel 
ingots. 

We have recognised in our discussions on pp. 77-80 the im- 
portant role the manganese plays in controlling the volume of the 
CO gas, evolved during solidification of tbe rimniing steel. 
Whether Mn or C will react with oxygen and to what extent, 
depend upon the ingot head and tbe enrichment of the residual 
melt in Mn. C and O. For low-Mn, the evolution of CO may 
proceed unhin dered throughout the ingot after the metal skin has 
formed, because C and O will react before the equilibrium con- 
centrations of Mn and O are reached in the residual melt. In 
sudt a case, the metal will rim wildly and rise in the mould. For 
medium-Mn steel, the CO will evolve at first throughout tiie 
solidifying metal ; the intensity will slowly subside as the volume 
of tbe residual melt narrows down and tiie manganese is in a posi- 
tion to react to form FeO-MnO deoxidation products. These are, 
generally, confined in the middle zone of the ingot. For each 
variety of good rimming steel with thick and clean skin, there is 
<an optimum medium-Mn concentration range (about 0.3% Mh) 
d^enrfing upon tbe carbon content, mould temperature, teeming 
rate and teeming temperature. 

B tile Mn-concentration is too high, tiie de o xida t i o n products 
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fooa ea^er, reodniog tbe melt thidi: and deiiiej wlikdi 
pedes tbe passage of the small amounts of gas fumed. Some dC 
the gas may be entra{^)ed, leading to blow-holm near inipbt 
surface. 

B is recognised that the manganese plays a vital part in adjuitt- 
ing the volume and the munent of CX) evdutum so that a balanoed 
mgot with thick skin can be obtained. We have also seen that 
whmi its concmitratiQn lies on the left of AQ or AM df F^. 3.9, 
there is a possibility of the formation of a liquid FeO-MoO dag 
which can rise easily to the surface. It has, however, been fotmd 
that omsiderable quantities of inclusions remain inside the ingot, 
especially in the lower third portion They do not cause mudi 
trouble during rolling when present in uniformly distributed and 
finely divided form. When present as small lumps, they lead to 
sticking of sheets and trouble in the modem fast deep-drawing 
processes. According to Kosmider et an ingot with sufii- 
cient cleanness can be obtained if, for a definite C-content, tire 
oxygen content is in the higher and the Mn-content in the lower 
ranges. They suggest that in the case of capped bottle-top mould, 
where the CX>-reaction is inhibited by increased pressure at the 
ingot top, the oxygen should be rather low and manganese lugh. 
This is because the inferior washing action, caused by slow ev(du- 
tion erf CO, does not help the inclusions to come to the top. The 
hi gh man ganese suppresses the C-O reaction and forms solid MnO 
(fdus FeO) which remains throu^out the ingot in a finely divided 
form. 

The modern fast deep-drawing processes need steel with greater 
cleanness. It has been found that aerial oxidation during teem- 
ing and solidification of the metal contributes the major amount 
<rf the inclusions. The initial inclusions formed come up on die 
ingot surface but they disappear when tiiey b^in to solidify or 
thicken at the end of teeming. It is surmised that due to a con- 
vection caused by tbe evdution of CO, these inclusions are sudeed 
down inside the metal. The convection current flows upwards 
along the ingot wall and moves down frmn the centre at the top.” 
The appearance of the inclusions in the lower third of the ingot 
is probably due to their entrapment during the circulation be- 
cause of increased viscosity of the metal at the bottom. The 
suctiem is greater the more profuse the OO evolution. Acomtia^ 
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to dto Kosmider et aI*S the a M xin m m evoiotioa 

do, to any g^vNi*{C].[0] product, oocurs whra the C-coMeat 
liea between 0*06--^’08%. Above and below this optimum 
tae g e , the mnount of CO evolved in litres per tmi of metal 
decreases. Therefore, between 0*06 — 0*08%[C1, tiie suction 
downwards in an ingot will be the maximum. 



Fig. l4^.3-~Line of minimum amount of inclusions in mechanjically capped 
rimming steel with A1 additions depending upon the product C and Mn. 

[ The underlined elements denote their presence in Steel. ] 

In order to obtain very clean rimming steel, therefore, the aerial 
oxidatkai should be avoided, the CO evolution suppressed and the 
deoxidation products formed be liquid, so that wherever inclusions 
are formed they might rise to the surface (i.e. the Mn-contmt 
should be on the left of line AM, Fig. 3.9). Baare et oP® suggest 
that the mould should be covered by a thick steel plate after a 
short interval on the completion of teeming and the metal shoidd 
be deoxidised by alumimum to an extent that the CO evolution 
may not lead to any suction towards the bottom. They calculated 
tile amount of aluminium to be added for obtaining minimum 
amount of inclusicm for any given [C].[Mn]product in the metal. 
This is shown in Fig. 12.3. 
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Chaptbr xin 


VACUUM DEGASSING OF STEEL 

The manufacture and pouring of steel in vacuum are gaining 
wider and wider applications. Vacuum>tteated steel shows 
higher plasticity and continuous strength and increased ledstance 
to corrosion. The improvement in the mechanical and other 
pn^rties is due to the lower contents of gases and non-metallic 
inclusions. The substances possible to remove are the dements 
whose solubility in steel or whose reaction products are dependent 
on pressure. The gases of major interest that most be removed 
are oxygen and hydrogen and to some extent nitrogen. Oxygen 
does not escape m an elemental form but as CO, a product of the 
reaction with carbon in the metal. In the case of hydrogen and 
nitrogen, their percentages in the melt are functions of the partial 
pressures of the gases over the melt, i.e. they follow Sieveit’s law. 
The carbon-oxygen reaction is directly proportional to the partial 
pressure of carbon monoxide in the gas phase (c/. p. 65). Both 
the elements can be brought to low values under reduced pres- 
sures, when the reaction [C] -|- [O] CO (g) proceeds to the 
right markedly. The equilibrium relation at 1,600'’C is : 

% [C] . % [O] = 0 0025.PCO 13.1 

Removal Otygen 

The theoretical oxygen in steel, attainable under vacuum, 
dqwnds both upon the then [C]-content and the pco* "H** 
d>ove equation is reasonably valid at high pressures as well as at 
]%essures in the range 760 to 1 Torr. According to Beck^ and 
Kniippel et dl? an [0]-content leSs than about 0-002% cannot be 
achieved. At 100 Torr, the [C]-«quivalent to this amount of 
oxygen is about 0-2% and at 10 Torr, about 0-02%. Under 
these pressures, an addition of carbon to the melt will not reduce 
[O] below 0-002%, i.e. the melt will no longer be in equilibrium 
with [C] and [O]. This is because, at very low oxygen values, 

the metal is replenished by tiie element from the ladle hnin g or 

* 
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tom tot oxide incliisKMts already pzeseiit Ftedio:, ift ea«w 
wbcxe vacoom tieatment is e&cted without any oi: tw* 

bolrace, i.e, in the absoice of my nodd for CO-ionnatkni, ^ 
carbon reaction is suppressed due to ferrostadclsad surface tw- 
aon forces; the oxygen, in such cases, is always found to be above 
the equilibrium value. An approach to equilibrium is only pos- 
sible, as in ‘stream degassing’, where liquid steel is automati- 
cally atomised due to forces of evacuation; or, where nudei are 
provided by the introduction (rf an inactive fordgn gas, like argon. 

Apart frmn the reaction of the metal with the lining, time is a 
further possibili^ of the metal reacting with the slag. The re- 
action of liquid metal with liquid slags is much faster than that 
with solid slags or refractory materials. If an already vacuum 
treated liqind steel comes into contact with any liquid oxide dag, 
the metal picks up oxygen until the equilibrium is reached. It 
is, therefore, essential that the dag be removed to the greatest 
posdble extent before the metal is subjected to evacuation. The 
portion of dag remaining behind may be rendered ineffective by 
the addition of burnt lime or dolomite. 



CO- partial pressure , 

Fig. IS.l -Carbon & oxygen contents of liquid steel at very low oartial 
pressures of CO. (F. Harders, H. Kniippel & K. Brottmann, StaU imd 
Eisen, 76, 1956, 1722.) 

During tbe carbon reaction, it is not only the oxygen is 
removed but it is accompanied with an equivalent amount of car- 
bon, Tile solid lines in Rg. 13.1* show the theoretical equili- 
brium [C] and [O] values at various Pco • However, during 
the C-O reaction, both the elements decrease 
die dotted lines show how both change from definite initial vdiim 
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•t 7fiO Toir, whm tobyected to vacuum. This liguie is ao mi- 
Udgemrat the low pressure i^ou. As for exaoqriie, an iron 
■itu^t with initial contents of 0 05% [C] and 0*05% [O], when 
Bubjected to Vacuum, should give values of 0 02% [Q utd 
0‘009% (O] at SO Torr (fdlow the dotted line 760 Toit> 0*05 C. 
lUs line meets the solid line for 0-05 C at 760 Torr in the high 
presrare figure, not given here.) If the same line is followed, 
at S Torr the respective concentratums would be 0-014 %[Q 
and 0-002 %[OJ. Such low i^essures are obtainable to-day 
without difi&;ulty in large-scale vacuum treatment ifiants. 

The deoxidising' action of carbon is enormous at low pressures. 
Below about O-OS atm, it exceeds the deoxidising action the 
strongest deoxidisers (cf. Fig. 3.32). There is a further advan- 
tage that the product of deoxidation is a gas which escapes from 
the system. Therefore, the primary as well as the seomdaiy 
indigenous oxide inclusions formed during predpitatkm deoxida- 
tion, which are never com|detely removed ordinarily, can be 
avoided if the lijjuid steel is made, treated or cast in vacuo. 
TheOTetically, there should be no objectiem to additions of mode- 
rate amounts ctf deoxidisers or alloying elements. Sudi addi- 
tions bring the [O] down to the respective equilibrium values. 
A portion or the whefle of the added element is oxidised and fmms 
indusions, or goes over to slag. If the equilibrium [O] becomes 
less than that corresponding to [C]-equilihrium at 1 atm, then 
carbon and oxygen will not react until the external pressure is 
Inougiht down low-enough, so that their concentrations exceed 
the values given by the low-pressure equilibrium curves (cf. Fig. 
3.32). Li such a case, the low-oxygen mdt will not be in equi- 
librium with die oxide inclusions and these will be reduced to 
Ihdr dements. However, this reducing reaction is very slow 
oraqiared to the C-O reaction, whidi determines die overall rate 
of die vacuum degasification process. 

As with the inclusions, the rd!ractories are sdso capable of 
reacting with the melt but their reaction velodty is smaller than 
tlmt with the slag or the inclusions. The reaction may be mini- 
mised by reducing the time of contact between the mdtaa steel 
and the refractory materials. The time, however, depends upon 
the rapidity and the extent of 00-evdution. 

Ihe velodty of degarificatitm is important not only because of 
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the above bat also a IcMiger interval causes a con^erable M in 
Oie temparantre (wUch also depends upon the volume tA gM 
evolation), widi the consequent leaning difBculties. Hardly 
20>2S minutes remain at the disposal for treating 75-100 tons of 
sted. The velocity of carbon reaction depends upon the suifece 
factor, apart from the total pressure and the value of the [C].[0] 
product. In the vacuum-lift process, the surface area for degaa- 
fication is about 8 m‘/t of steel.^ This enables a strong tx^ to 
take place. The process is accelerated so much (due to the 
enlar gement of surface area) that a greater part of oxygen is 
removed from steel placed under vacuum for f' 0’4 min. It is, 
however, necessary to make steel at higher temperatures dian 
usual (about 30®-40‘’C higher), when it is intended for vacuum 
treatment. 

It is possible,*'* through the vacuum treatment of steel with 
[C] up to r-* 0*5%, to bring the oxygen content from 0'02-0-03% 
to such a low value as 0*002%. Usually, the range is 0*004- 
0*010%. The total amount of the inclusions formed by preci- 
pitation deoxidation is considerably less in vacuum treated than 
in non-treated steel. Alumina and silicates are greatly reduced 
and whatever is left in the bath remains uniformly dispersed in a 
finely divided form throughout the cast metal. The amount of 
the inclusions differs accordmg to the different methods used in 
casting. Tix et ol* have indicated about 0*003% inclusion in. 
steel cast into ingots under vacuum*. If the oxygen after treat- 
ment is on the low side, it may not be necessary to use any deoxi- 
diser at all for making killed steel. Vacuum-treated openJieardi 
steel has been used for alloying with silicon without any signifi- 
cant formation of inclusions. Aluminium, about 0*2 Kg/t, has 
been used for fixing nitrogen as well as for obtaining fine grains 
in the ladle-degassed steel, without its cleanness* being affected. 

There is, however, the possibility of an oxygen absorption du- 
ring pouring -of the degasified steel. It is advisable, therefore, to 
protect the metal from aerial oxidation by the use of inert gases 
or the exclusion of air as under vacuum. 

Removal of gases 

The gases of importance dissolved in steel are hydrogoi and 
nitrogen. They are dissolved in an atomic rather than in die 
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mcdeodar form. They obey Se^’s law and, therefcxe, tl^ 
scdol^fties ate ^(^itional to the square root of their partial 
pressures. As a consequmce, their dependence on the pressure 
is much less than in the case of the [C]-[0] reaction wtere the 
[C] and [O] contents are directly proportional to the partial pres- 
sure of CX>. The sources of these gases in steel, their solubilities 
and relaticm to partial pressure have been described in Chapters 
m and XII. 

The decrease in the external pressure effects a drop in the solu- 
bilities of the gases. But it is only the surface layer of the metal 
which is affected. We know that for gases to evolve, nuclei have 
to be present. Otherwise, either the pressure build-up has to be 
hi^ for the gases to escape or the amount of the dissolved gases 
should exceed the equilibrium contents under their prevailing par- 
tial pressures. In the case of ladle degassing, it is possible for 
gases in the surface layer, exposed to the evacuated atmosphere, 
to escape; whereas, in the deeper layers, where a high ferro-static 
pressure inevails, it is difficult for them to do so. Therefore, 
their evolution becomes a function of their rates of diffusion from 
the interior to the exposed surface. Hydrogen can escape more 
easily because of its higher diffusion rate in steel. The removal 
of the gases is, however, facilitated during the vacuum treatment 
because the bubbles of CO evolved themselves provide the nuclei. 
A foreign inert gas should, therefore, accelerate the process since 
it not only presents fresh nuclei but facilitates CO evolution as 
well. This washing action (by argon) has been used in the 
vacuum-lift process. 

Hydrogen can normally be reduced by about 40-50%. The 
higher the initial content, the greater it its removal. Normally 
about 2-3 cm®/100 gm. of steel can be attained.*’®-®a This 
is shown in Fig. 13.2* where values obtained from a few processes 
are given. It can also be seen that the hydrogen content follows 
Sievert’s law closely. 

It is doubtful whether nitrogen can be removed to any extent. 
A reduction by about 40% has been reported but, in this case, 
the initial nitrogen content was high (Bessemer steel, 0.018- 
0-030% N).“ Tix et <rf® have found similar reduction in steel, 
not greatly deoxidised with the help of A1 and Ti. Nitrogen con- 
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Q vacuum • U^t 

© vacuum •hft 

© vacuum - circuiation 



hydrogen Ncm^/ 100 gtni 

Fig. 13.2--Hydrogen contents of steel at very low pressures in various 
vacuum degassing processes. (K. G. Speith, H. v. Ende k A. Pfeiffer, Stahl 
Und Eisen, 80, 1960, 741). 

tent also depends upon the presence of alloying elements. (Cr, 
Al, V, cause an increase while C, P, decrease it.) 


Degassiiig Mefliods 

Ladle degassing : The ladle containing liquid steel is placed 
in a larger air-tight vessel suitable for evacuation (cf. Fig. 13.3a). 
The large and efficient pumps now-a-days available can evacuate 
such large vessels and reach a pressure of 5-10 Torr in 10 min. 
Even 1 Torr can be achieved. Apart from the slopping of metal 
and slag over the edge of the ladle caused by their rise due to 
suction, another disadvantage of ladle degassing is the inhibition 
of gas evolution for lack of nucleation. This can be circumvented 
by introducing gases like argon, helium, at the bottom through a 
refractory tube from above or by causing a stirring action by 
inductimi. 

Stream degassing In order to obtain a more effective degas* 
sing by enlarging the metal surface, the liquid steel from a tundish 
is allowed to stream into an air-tight vessel connected to vacuum 
pump and containing the teeming ladle. The sucticm tears apart 
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the stream at an angle oi almost 90°, i.e. the droi^ets take almost 
a horizontal direction for some distance before falling in the 
teeming ladle. The diameter of the stream at a depth of 1.5 m 
may be 3-4 m which is about 8-10 times that of the stream poured 
in air (Fig. 13.3d). The time taken for a 40-50 ton cast is 
hardly 10 min. and the temperature loss 30°-40*’C. 

Vacuum4ift process This jMrocess is based on sucking the 
liquid steel from the pouring ladle through a suction column to a 
height of r-* 1‘4 m, into a heated vessel connected to exhaust 
pump. After about 12 tons of the metal have gone in, the vessel 
with the column is raised by crane so that the metal level reaches 
the neck of the colunm, as shown in Fig. 13.3h. The metal inside 
the heated vessel flows back to the ladle. This is repeated, e.g. 
in an 80 ton ladle it is cycled for about 30 times which means 
that the entire steel flows for about 5 times through the degassing 
vessel. The treatment takes r— ' 20 min. and the pressure reached 
2-10 Torr. The heating arrangement is necessary because of 
large temperature loss, r-> 85 ®C. 

Circulation process This process is similar in principle to 
the vacuum-lift process. There are two suction cdumns emana- 
ting from the vacuum vessel which is placed on the pouring ladle 
by crane. These columns immerse in the liquid steel. One of 
them, called the rising column, is provided with a hole on the 
side tbrougfi which argon gas is fed in quantity, r-^ 100 litres/min. 
As the vessel is evacuated and the steel rises in this column, the 
argon expands due to heat and low pressure. Thus, it not only 
‘washes’ the gases in steel but also has an atomising action and 
the mietal sfdits into droplets in the vacuum vessel (Fig. 13.3c). 
The droplets fall due to gravity and pass through the second 
column to the metal reserve in the ladle. A continuous circula- 
ti(m is thus set up whose rate is about 13 t/min. The loss of 
temperature is i— ' 30°C, which can be minimised by induction 
heating arrangements. 

Ingot casting The principle is the same as in stream degas- 
sing except that the ingot mould is directly placed in vacuum and 
the casting is made out of contact with air. This method seems 
to be the most advantageous and about 60-70% reduction in the 
gases is possible. A device is illustrated in Fig. 13.3e. 
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There are numerous other devices wMch are being used but 
they embody the main principles discussed above. The reader 
may refer to the original works.*® 

Vacuum melting : Steel may itself be made under vacuum. 
This may, however, be done only in the induction or electric-arc 


Fig. 13.3— Vacuum degassing processes— (a) ladle degassing, (b) V^tcuum lift, 
(c) Circulation process, (d) stream degassing and (e) ingot casting. 
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furnaces. Very low contents of hydrogen, nitrogen and oxide 
inclusions have been reported. 
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Acid Bessemer process, 23 
decarburisation rate, 210 
nitrogen, steel, 389 
residual oxygen, steel, 350 

Add openhcarth process, 47 
active, 50 
American, 51 
chromium reaction, 253 
decarburisation, 208 
American practice, 51, 177, 210 
passive, 50 

residual oxygen, steel, 348 
Activity, 5 

iron oxide, 64, 101, 160-164 
lime, 102 

manganous oxide, 166-68 

Activity coefficient, 6 
iron oxide, slag, 246 
manganous oxide, slag, 246 
sulphur, pig iron, 8 

Alumina-iron oxide system, 139 

Aluminium-iron-oxygen system, 118 
---manganese system, 119 

silicon system, 120 

manganese system, 121 

Basic Bessemer process, see 

Thomas process 
Basic Openhearth process, 44 
chromium reaction, 256 
decarbuiisation, 193 
use of oxygen, 204 
hydrogen, steel, 380 
manganese reaction, 226 
phosphorus removal, 265 
^sulphur removal, 315 
^seous, 332 
residual oxygen, 339 

Boron-Iron-oxygen s>'stem, 122 

Buffer slag process, 294 

Carbon-hydrogen system, 128 
-iron-oxygen system, 65 

chromium system, 117 

manganese system, 77 

---silicon system, 83 
manganese system, 92 


Carbon monoxide, steel, 392 
control, role* of aluminium, 89S 
role of manganese, 393 
evolution pressure, 188 

Carbon-oxygen system, 72 

Carbon removal, 179 
add bessemer, 210 
add openhearth, 208 
American practice, 51, 177, 219 
basic bessemer, see Thomas 
basic openhearth, 193 
determination, rate, 341 
effect, excess oxygen, 186-192 
lime, 198 
metal carbon, 201 
silica, 198 
temperature, 202 
total slag iron, 197 
electric furnace, 220, 353 
Kalclo. 220 
LD, 220 

oxygen processes, 215 
rate, 182 

importance, cleanness, 346 
nucleation factor, 189 
slowing down, methods, 347 
surface, factor, 184 
theory, Schenck’s, 182 
relation, dephosphorisation, 216 
rotating converters, 217 
cylindrical, 218 
elliptical, 217 
Rotor, 220 
Thomas, 211 
oxygen -air, 213 
oxy-carbon dioxide, 214 

Chromium-iron-oxygen-system, 114 

carbon system, 117 

Chromium reaction, steel, 114, IIT 
acid processes, 253 
distribution ratio, 255. 
influence, iron oxide, 253 
reduction by silicon, 255 
basic processes, 256 
distribution ratio, 256 
influence, basicity, 256, 258 
recovery, 257 

Circulation, degassing, 403 
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Dalton's law^ partial pressure, 2 

Decarburisation, see Carbon 
removal 

Degassing, see Vacuum degassing 

Deoxidation, steel, 55 
behaviour, elements, 370 
by aluminium, 118 
boron, 122 
carbon, 72 
chromium, 114 
manganese, 73, 363 
manganese-silicon, 85, 364 
manganese-silicon-aluminium, 
121, 367 
silicon, 80, 363 
titanium, 121 
vanadium, 122 
zirconium, 122 
diffusion, 356 
electric furnace, 357 
importance, liquid products, 359 
precipitation. 358 
products, primary, 360 
secondary, 361 
relation, cleanness, 373 
surface tension, 372 
wettability, 372 

Dephosphorisation, see Phosphorus 
removal 

Deviation, Raoul t's law, 6 

Diffusion, 17 
deoxidation, 356 . 

Dissociation pressure, oxygen, 18 

Distribution, constant, iron oxide, 9 
Nernst law, 8, 63 

Electtric stcelmaking process, 51 
decarburisation, 220, 352 
deoxidation. 357 
sulphur removal, 333 

Energy and Work, 3 

Enthalpy, 3 

Equilibrium constant, 5 
effect, temperature, 12 
relation, free energy, 10 

Exogenous inclusion, 376 

FmsT LAW, Thermodynamics, 3 

Foaming, openhearth slag. 199 
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pneumatic processes, 279 

Free enetgy, 10 
iron alU>y, in. 12 
relation, equilibrium constant, 12 

CrAs law, 1 
Gas constant, 1 
Gases, in steel, 379 

Heat capacity, 3 
molar, 3 

Heat of reaction, effect, 

temperature, 3 

Henry’s law, 7 
coefficient, 7 
dilute solution, 7 

Herty's apparatus, 2 

Homogeneous reaction, velocity, 16 

HPN-LNP process, 30, 390 

Hydrogen, in steel. 379 
electric and hearth furnace, 380 
acid and basic metal, 381 
acid and basic slag. 382 
low, methods for, 385 
pick up, 385 

free eneijgy, dissolution, 124 
pneumatic process, 386 
solubility, 124 

lNf;oT casting, degassing, 403 
Ingot making, 54 
Iron, allotropic modifications, 58 
Iron -hydrogen system, 123 
hydrogen, solubility. 124 
free energy, dissolution, 124 
--sulphur system, 134 
-manganese-sulphur system, 135 
influence, machinability, 136 
-nitrogen system, 128 

equilibrium constants, nitrides, 
132 

free energy, dissolution, 129 
nitride development, 130 
phase diagram, 128 
solubility, nitrogen, 129 
influence, elements, 132 
-oxygen system, .58 
oxygen pressure, 60 
oxygen solubility, iron, 60, 64 
phase diagram, 59 
--aluminium system, 118 
free energy, alumina 
formation, 118 
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’--boron system, 122 
--carbon system, 65 
deoxidation, 69 
equilibrium constant, 65. 67 
high pressure, 66 
low pressure, 68 
openhearth, 66 
oxygen pressures, 72 
--chromium system, 114 
equilibrium, 115 
free energy. 114 
--hydrogen system, 126 
--manganese system, 73 
deoxi£ttion, 363 
equilibrium constant, 74 

influence, impurities. 245 
free energy, 73 
solid, liquid oxides. 75. 76 
--nitrogen system, 131 

— phosphorus system, 95 
equilibrium constant, 95. 96 
free energy, 95 

--silicon system. 80 
deoxidation, 363 
equilibrium constant, 81. 246 
influence, impurities, 247 
free energy, 80 
--sulphur system, 134 
--titanium system, 121 
--vanadium system, 122 
--zirconium system, 122 

— - aluminium<manganese system, 

119 

— silicon system, 120 

manganese system, 121 

deoxidising action. 116, 368 
--carbon-manganese system, 77 
influence, pressure, 79 
on rimming steel. 79 

silicon system, 84 

influence, pressure, 84 
manganese system, 92 

— manganese-silicon system, 85 
deoxidation, 364 
equilibrium constant, 246 
relation, bath and slag constitu- 
ents, 86, 89-92 

sulphur system, 136 

--phosphorus-lime system. 105 
equilibrium relations, 106 
basic openhearth slag, 112 
Thomas slag, 107 
oxygen, iron, 108-111 
phosphorus, 108-111 

Iron oxide-alumina system, 139 
-lime system, 139 

— silica system, 142 


lime saturation, 142, 163 
-magnesia system, 137 
-manganese oxide system, 137 
--silica system, 140 
- phosphorus pentoxide-lime 
system, 99 

activity, iron oxide, 101 
lime, 102 

miscibility gap, 99 
influence, alumina, 105 
magnesia. 1(^ 
manganese oxide, 104 
silica, 103 
sodium oxide, 105 
temperature. 105 
titania, 105 
--system, 97 

equilibrium, 98 
phase diagram, 96 
-silica system, 140 
Inclusions, 361, 374 
carbide, 376 
exogenous, 376 
importance, manganese, 376 
indi^nous, 374 
nitride, 375 
oxide, 374 
sulphide, 375 

Indigenous inclusions, 374 

Kai,do process. 33 
decarburisation, 220 
phosphorus removal. 295 
residual oxygen, 353 
sulphur removal, 332 

I^dle degassing, 402 

Law, distribution. Nernst, 8, 63 
First, Thermodynamics. 3 
gas. 1 
Henry’s. 7 
mass action, 5 
partial pressure, Dalton’s. 2 
partition, 8 
Sievert’s, 9 
Stokes, 360 

LD process. 31 
decarburisation, 220 
manganese reaction. 251 
phosphorus removal. 290-294 
residual oxygen, 353 
sulphur removal, 332 

LDAC-OLP, 294 
residual oxygen, 353 

Lime-iron-oxygen-phosphorus 
system, 105-112 
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* iron oxide fyfttem, 139 
- phosphorus pentoxide system, 
99*112 

--silica systdn, 142 

LNP, see HPN-LNP 

Magnesia* ntoM oxide system, 137 

Manganese, behaviour, add 
openhearth, 248 
effect, slag basicity, 246 
contents, add steel, 243 
equilibrium, add process, 245 
effect, carbon, 248 
slag composition, 250 
equilibrium, basic openhearth, 
227 

effect, slag basidty, 225, 228 
temperature, 225 
equilibrium constant, 74 
activity, 226 
tree oxides, 225 
equilibrium, Thomas, 238 
importance, cleanness, 235 
in iron, calculation, 226 
oxidation, 229 
reaction, acid processes, 241 
effect, slag lime, 242, 249 
slag temperature, 249 
basic openhearth, 226 
oxygen processes, 251 
Thomas process, 236 
recovery, basic openhearth, 230- 
233 

Thomas, 240 

reversion, and cleanness, 235 

Manganese-iron-oxygen system, see 
under iron, 

aluminium system, 119 

silicon system, 121 

carbon system, 77 

silicon system, see under iron 

carbon system, 92 

Manganese oxide-iron oxide 
system, 137 
--silica system, 140 

Mass action, law, 5 

Mol fraction, 5 
calculation, 151 

Multiple slagging, 168 

NmtoGEN, in steel, 387 
add b^semer, 389 
oxygen processes, 392 


Thomas process, 389 
HPN-LNP, 390 
mechanism, absorption, 131 
oxy-carbondioxide> 391 
oxygen-air, 390 
oxy-steam, 391 

Nitrogen-iron system, see under iron 
--oxygen system, 131 
-oxy^n system, 130 

Non-metallic inclusions, see under 
Inclusions 

OLP, PROCESS, see LDAC 

Openhearth processes, 22 

Oxidation, and reduction, 17 

Oxygen, excess, in steel, 186-192 

Oxygen-hydrogen system, 126 

Oxy«n-iron system, see Iron 
--aluminium system, 118 
--boron system. 122 

- - carbon ^stem, see under Iron 
--chromium system, 114 
--hydrogen system, 126 

- - manganese system, see under Iron 
--nitrogen system, 131 
--phosphorus system, 95 
--silicon system, see under Iron 
--sulphur system, 134 

- - titanium system, 122 
--zirconium system, 122 

aluminium-manganese system,. 

119 

silicon system, 120 

manganese system, 121 

--carbon-chromium system, 117 

manganese system, 77 

silicon system, 84 

manganese system, 92 

- - manganese-silicon system, 85- 

sulphur system, 136 

--phosphorus-lime system, 105» 

- nitrogen system, 130 
-sulphur system, 134 

Oxygen, potential, 14 
dissociation pressure, 18 
solubility, iron. 60, 63, 64, 70 5 

Oxygen, steel, dissolved, 362 
residual, 338 
solubility, 59*64, 70 
total. 362 
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Partition law, 8 

Phosphorous petitoxide-iron oxide 
system, 97 

--lime system, see under Iron 
oxide 

Phosphorus content, steel, calcula* 

* tion, 261, 265 

Phosphorus-iron-oxygen system, 95 

lime system, 105 

Phosphorus removal, 260 
basic openhearth, 265 
effect, slag basicity, 268 
slag iron, 268 
tempCTature, 266 
equilibrium constant, 267 
effect, slag flouride, 267 
practical suggestions, 269 
buffer-slag process, 294 
difference, top and bottom 
blown converters, 276 
fine, 288 
Kaldo, 295 
LD, 290 

effect lance height, 291 
high phosphorous iron, 291 
Thomas iron, 293 
LD-AC, OLP, 294 
PL, 295 
pneumatic, 271 
double slag, 289 , 

effect, metal manganese. 286 
slag manganese, 286 
slag constituents, 280-287 
temperature, 283 
influence, metal oxygen, 272 
miscibility gap, 272 
reaction, 260 

equilibrium constant, 260, 267 
factors governing, 261 
effect, slag composition, 
262-264 

slag volume, 264 
temperature, 261 
relation, decarburisation, 274 
foaming of slag, 279 
metal oxygen, 272 
reversion, 2W 

effect, metal manganese, 265 
slag basicity, 264 
Thomas process, 280 
summary, 279 
Thomas, 280-288 
transition, 273 

Residual oxygen, steel, 338 
add bessemer, 350 


acid openhearth, 348 
basic bessemer, 351 
basic openhearth, 339 
determination, 342 
effect, factors, on, 345 
excess, steady state. 340 
importance, boil, 346 
relation, cleanness. 346 
decarbiirisation rate, 341 
slag iron, 344 
rimming, uniformity, 345 
electric furnace, 353 
ore-oxygen refining, 354 
Kaldo. 353 
LD, 353 
LA-AC, 353 
Thomas, 351 
effect, factors, 351 
oxy-carbondioxide, 352 
oxy-steam, 352 
oxygen-air, 352 

Q. recovery quotient, 231, 240 

R, gas constant, 1 

Raoul t's law, 6 
deviations, 6 

Reduction, and oxidation, 17 
Rotor process, 38 

Secondary deoxidation products, 
361 

Sievert's law, 9 

Silica-iron oxide system, 140, 80 
manganous oxide, 140, 85 
--lime system. 142, 163 

Silicon-iron-oxygen system, see 
under Iron 

aluminium system, 120 

manganese system, 121 

carlK>n system, 84 

manganese system, 92 

manganese system, 85 

Silicon reactions, steel, 80, 84, 85, 92 
acid processes, 241 
effect, temperature, 245 
equilibria, 245 

effect, manganese oxide, 247 
equilibrium constant, 247 
effect, carbon, 247 
a^id openhearth, 248 
effect, slag viscosity, 249 
slag composition, 249 
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Slags, act steelmaking-slagii 

Steeimakii^ processes, 22 

Steelmaking i^gs, 14B 

activity, iron oxide, 160-164 
manganous oxide, 166-168 
combined phosphates, 157 
free energy, formation, 172 
free iron oxide, 153 
free lime, 156 
free manganous oxide, 158 
free silica, 155 
ion fraction, 174 
calculation, 176 
ionic theory, 171 
acid openhearth, 175 
multiple slagging, 168 
Stokes’ law, 3^ 

Stream degassing, 402 
Sulphur capacity, 310, 325 
relation, acids, bases, 324 
Sulphur diffusion, 311 

Sulphur-hydrogen system, 133 

— iron system, 134 

— iron system, 133 
-iron-manganese system, 135 
oxygen system, 136 

— oxygen system, 134 
-oxy^n system, 134 
Sulphur, pick up, 312*315 

Sulphur removal, 299 

basic electric furnace, 383 
injection, substances, 334, 335 
basic openhearth. 315 
effect, factors, 317 
relation, basicity and iron 
oxide activity, 317-822 
free lime, 318 
manganese, 318 
practice, 327 
distribution ratio, 302 

effect, excess base, 304, 307 
iron oxide, 299, 302, 304 


manganese, 300, 302, 304 
oxygen, ion activities, 307 
gaseous, 330 

basic opmhearth, 332 

S neumatic, 330 
uence, fuel, 312 
reaction, 301 
equilibrium, 301, 302 
slag bulk, effect of, 326 
Thomas process, 328 
effect, free lime, 330 
iron oxide and 
basicity, 329 

Thermodynamics, 1st law, 3 

Thomas process, 28 
decarburisation, 211 
hydrogen, steel, 386 
manganese reaction, 236 
nitrogen, steel, 389 
phosphorus removal, 280-288 
residual oxygen, 351 
sulphur removal, 328 

Titanium-iron-oxygen, 121 

Total oxygen, steel, 362 

Trou ton’s rule, 3 

Vacuum degassing, steel, 397 
methods, 402-403 
removal, oxygen, 397 
other gases, 4()0 

Vacuum-lift process, 403 

Vapour pressure, 2 

Velocity, homogeneous reaction, 16- 

Viscosity, 2 

Wagner’s equation, 8 

Work, and energy, 3 

ZiRCONiUM-iron -oxygen system, 122* 








